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A BSTR A CT
A biological model, ECOLI, is developed that is capable of continuously 
simulating £  coli concentration in surface runoff from agricultural land applied 
with manure. The model was calibrated and validated by using data from field-scale 
studies at Franklinton, Louisiana. During validation the model was interfaced with 
GLEAMS-SWT model to obtain the necessary hydrologic and erosion variables as 
input to the ECOLI model. The ECOLI model was found to perform best when 
simulating runoff concentration following the first application of waste. For 
reapplication of waste within SO days, the trend of decrease over time was well- 
simulated but simulated £  coli concentrations were lower than the observed 
concentrations. The correlation coefficient of the simulated £  coli concentration 
versus the observed concentration was found to be 0.8S. The regression intercept is 
significantly different from zero. The regression slope is 1.06 and is not 
significantly different from 1.0. The ECOLI model is not recommended for 
reapplied waste until more research is done on the effect of applied waste on 
subsequent £  coli density and decay. The ECOLI model is also not recommended 
for use in simulating fecal coliform concentration unless methods of enumerating 
fecal coliforms that exclude false positive counts are used.
Two experiments were carried out to investigate £  coli adsorption in soil- 
water system of Tangi Silt Loam and Commerce Clay Loam. The adsorption of £  
coli in Tangi Silt Loam was found to be significantly lower than that of Commerce 
Clay Loam. The distribution coefficient of loose adsorption of £  coli in Tangi soil 
water system was found to be significantly lower than that of tight adsorption. The
xii
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distribution coefficient of loose adsorption of£. coli in Commerce soil-water 
system was found to be significantly higher than that of tight adsorption. Soil with 
higher clay content was found to adsorb significantly more K  coli than soil with 
lowerer clay content. Together with literature data, a high correlation (R =0.89) was 
found between adsorption and clay content. Significant correlation (R2=0.67) was 
found between distribution coefficient and clay content. The relationships developed 
may be used in modeling purposes.
xiii
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C H A P T E R  1 
IN T R O D U C T IO N
Microbial contamination of rivers and lakes by runoff from agricultural land 
is of great concern to the public due to the potential for disease transmission. The 
nature of modem animal agriculture with its highly concentrated production 
facilities results in millions of tons of animal wastes to be disposed of yearly. Due to 
the lack of widespread alternative end-uses for animal wastes, land application 
remains the only viable option for most farmers (Sim, 1995). Once applied to the 
land, animal wastes are subjected to hydrologic forces that potentially result in 
microbial pollution of the receiving waters. Microbial pollution of water bodies not 
only can contaminate drinking waters but also impairs the full recreational potential 
of lakes and rivers. Pathogens such as Cryptosporidium parvum, Giardia spp., 
Escherichia coli Q157:H7, and Salmonella spp. are known to be associated with 
animal waste (Pell, 1997). Potential illnesses associated with swimming in microbial 
contaminated water are gastrointestinal illness and nasopharyngeal, ear, eye, and 
skin infections.
Fecal coliforms are commonly used as indicators of the presence of 
pathogens. The standard established for primary contact recreation is 200 fecal 
coliform /100ml (as a geometric mean of five samples taken over a 30-day period), 
with a maximum o f400 cells/100 ml (USEPA, 1976). This standard is frequently 
exceeded in surface waters that receive runoff from agricultural land (Drapcho and 
Beatty, 1995, Niemi and Niemi, 1991, Janzen et al., 1974, Kunkle, 1970). Even 
though high background population and/or contamination from wild animals were
I
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cited as a possible cause of the violation of the standard, contribution from 
agricultural land is significant (Edwards et al., 1997, Drapcho and Beatty, 199S, 
Niemi and Niemi, 1991, Janzen et al., 1974, Robbins et al., 1971, McCaskey et al., 
1971).
In Louisiana, fecal coliforms are the most common pollutant in river sand 
streams (LDEQ, 1994). As a result of the violation of fecal coliform standards, it 
was reported that 55% of the surveyed river miles do not fully support swimming 
and other contact recreational activities and 36% of the surveyed lake acres and 
28% of surveyed estuarine waters also do not fully support swimming. The 
Tangipahoa River is a natural and scenic river (LDEQ, 1993). However, since 1988, 
primary contact recreation has been limited due to elevated fecal coliform levels. 
Runoff from agricultural land was identified as one of the major sources of bacteria.
Escherichia coli is a specific indicator of fecal pollution (APHA et al., 1995) 
and is a better indicator of public health than fecal coliforms (USEPA, 1986).
Studies of the comparison of E  coli and fecal coliform populations as indicators of 
wastewater treatment efficiency showed that E. co//-based effluent and stream 
standards best protect public health (Elmund et al., 1999). This is due to the fact that 
the membrane filtration and most probable number methods for testing fecal 
coliforms often overestimate the true fecal numbers. Therefore, it is expected that in 
the near future, E  coli water quality standards will be implemented. Toward that 
end a model that simulate E  coli concentration in runoff could be an useful tool for 
investigating the true impact of land application o f animal waste.
2
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Numerous studies have been done on the chemical and physical constituents 
of runoff from agricultural land. A number of models for simulating sediment, 
nitrogen, phosphorus and pesticides in runoff have been field tested and applied 
with great success. Some examples are CREAMS (Knisel, 1980), GLEAMS 
(Knisel, 1993), and GLEAMS-WT (Reyes et al., 1994). As for the microbial 
constituents, not as much research has been done. There have been some efforts to 
simulate bacteria concentration or loading in runoff (McElroy et al., 1976, Reddy et 
al., 1981, Overcash et al., 1983, Springer et al., 1983, Moore etal., 1989, Walker et 
al., 1990). Most of these models are simulations only, none is fully validated. 
Springer et al.’s (1983) model was partially tested for concrete surface and it was 
found that the fits of observed to predicted values were poor. In view of that, a 
model that could simulate microbial constituents of runoff would be ideal in an 
effort to minimize non-point source pollution.
For surface runoff, adsorption is the predominant cause of retention of 
bacteria during a rainfall event. In order to model the movement of bacteria from 
land surface to runoff, the extent of adsorption of bacteria by the soil involved had 
to be known. The need for a relationship between adsorbed bacteria and properties 
of soil has been expressed by different researchers (Reddy et al., 1981, Vilker, 
1981). However, such information is lacking in literature.
The objective of this research was to develop a management oriented 
biological model capable of simulating E. coli concentration in surface runoff from 
agricultural watershed. This research encompassed the formulation of mathematical 
equations that govern processes that affect E. coli density on land and the
3
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subsequent movement o f£  coli from land during rainfall events, the production of 
computer programs to solve the equations formulated, the investigation of the 
adsorption of K  coli in different soils, and the determination of the distribution 
coefficient o f £  coli in soil-water system in the laboratory as input parameters for 
the model developed. The simulation of E. coli density on land and concentration in 
surface runoff is limited to animal manure applied on agricultural land.
4
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C H A P T E R  2 
R E V IE W  O F  L IT E R A T U R E
2.1 Bacteria Modeling
2.1.1 Bacteria Decay
The survival of bacteria in or on the soil after manure application or 
deposition before a rainfall event determines the number of bacteria available for 
transport. Upon deposition, bacteria are exposed to changes in environmental factors 
such as temperature, pH, moisture, sunlight and nutrient. Most soils are chronically 
deficient in nutrient for bacteria growth. They are also exposed to predation and 
toxic substances. Therefore, enteric bacteria die over time and the most commonly 
used microbial decay (die-off) model is that proposed by Chick (1908) expressed as
Dt = D0 e*kt (2.1)
where Dt and Do are the number of bacteria at time t and t=0 respectively
2  -I(cells/cm ), t is time (d), and k is the decay coefficient (d ). This is also known as 
first order decay equation. It was used by Reddy et al. (1981), Moore et al. (1989), 
and Walker et al. (1990). Based on this model, Reddy et al. (1981) estimated from 
literature the first-order decay coefficient for organisms applied to the soil or water. 
Crane and Moore (1986) estimated from literature and compiled an excellent list of 
decay coefficients for different bacteria in manure, sludge facilities, soil and aquatic 
environment. From these reviews and recent studies conducted by Sherer et al. 
(1992) and Howell et al. (1996), the decay coefficient of fecal coliforms or K  coli in 
manure was reported to range from 0.03 to 0.3 d*1, in soils was found to range from 
0.01 to 0.8 d'1, and 0.1S to 3.40 d*1 in stream/river/stormwater. Many o f these
5
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studies were conducted at one temperature or under natural environment in the field 
during different seasonal conditions.
2.1.2 Bacteria Decay and Movement
One of the earliest investigations of fecal bacteria movement in animal waste 
was conducted by McCaskey et al. (1971) in Alabama. Plots of 3.3% slope, Appling 
Sandy Loam with Bahia and Common Bermuda grass were set up. Dairy waste (as 
voided) was applied on the plots to simulate conventional manure spreader at the 
rate of 1-3 times per week for 45 weeks. The applied waste was exposed to natural 
rain and runoff water quality was investigated. Fecal coliforms were analyzed using 
membrane filtration method. It was reported that the mean fecal coliforms 
concentration over a period of ten months for the control plot and treated plots were 
9.9xl04 and l.l-38.5xl05 cfu/lOOmL respectively. There was no report of the 
concentration overtime after application.
Janzen et al. (1974) surveyed water quality of stream and/or runoff above, 
adjacent and below major source of animal waste disposal sites in South Carolina. 
Fecal coliforms were mostly analyzed using Tergitol-7 agar plus TTC though some 
Levines’ EMB agar was also used. The mean of fecal coliforms concentration for 
the locations above, adjacent and below the sites studied were 1.5xl04, 3xl04, and 
2xl04 cfu/lOOmL respectively. It was reported that 26% of the farms studied 
contribute to significant increase in fecal coliform concentration. The concentration 
over time after waste disposal was not reported.
Kunkle (1979) conducted a study of using bacteria to monitor the influences 
of cattle wastes on water quality in Vermont. A plot o f30x35m was set up on a hilly
6
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area (14% slope) with deep and permeable soil, moderately well drained Cabot Silt 
Loam. A mixture of timothy, bluegrass, red clover, and red top was maintained at 
10-20cm height by hand-cutting. The plot had not been grazed, fertilized, or 
manured for about 10 years before the study. Sprinklers were set 6 m apart at 1.2 m 
above the ground. Three simulated rains were conducted before manure application. 
Wet manure of 1-5 days old (10% sawdust, 56% water) was spread on the plot at the 
rate o f8000 kg/ha with 4 m of buffer zone on the downhill edge. One to two hours 
after manure application, the plot was rained-on. The plot was rained-on for another 
9 times over a period of 3 months. Fourteen samples from each runoff event were 
analyzed for fecal coliforms using M-FC media by membrane filtration method. It 
was reported that before manure application, the mean fecal coliform concentration 
was 10-100 cfu/lOOmL. After manure application the mean fecal coliform 
concentration increased to 2xl05 cfu/lOOmL and then decreased to pretreatment
levels after about 70 days.
Simulated rainfall rate was 25mm/h for a duration of 1.5-3 h. All runoff 
from natural rain were sampled. Thelin and Gifford (1983) used rainfall simulator to 
study fecal coliform release patterns from beef cattle fecal material in Utah. Fecal 
deposit was molded to 0.9 kg weight, placed on painted plywood plateform of 10% 
slope, and rained on with intensity o f 61±3mm/h and duration of 15 minutes. The 
age of not-rained-on fecal deposit investigated was 0-30 days. Fecal deposit of age 
less than 5 days old released millions MPN/lOOmL and for a 30-day old, the release 
was 40.000MPN/100mL. It was reported that equilibrium in concentration of fecal 
coliform release was reached within 10 minutes. The concentration of release was
7
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found to be age dependent, with the maximum release by 3-day old deposit and the 
decline followed a typical bacterial decay curve.
Kress and Gifford (1984) did a similar study on fecal coliform release from 
cattle deposit o f Hereford Heifers fed a diet of alfalfa hay plus mineral supplements 
for 2-100 days old not-rained-on fecal deposit and also recurrent rain at ages 2,10, 
20, 30,40, SO days old. Rainfall rate was Slmm/h and the duration was 25 minutes. 
The peak concentrations of release for the recurrent rain were reported to be age 
dependent with the highest concentration of S.OxlO6 MPN/lOOmL released by a 2- 
day old deposit and the lowest peak concentration o f320 MPN/lOOmL released by a 
40 days old deposit, rained-on the fifth time.
2.1.3 Previous Bacteria Modeling Efforts
One of the first equations proposed to estimate the bacteria density in runoff 
is suggested by McElroy et al. (1976). Bacteria pollutant loading from uncontrolled 
feedlots was expressed as
Y = a Q C Dv A (2.2)
where Y is the bacterial yield (organisms/d), a is a dimensional constant (0.1 
metric, 0.23 English), Q is the direct runoff (cm/d or in/d), C is the concentration of 
bacteria in runoff (organisms/L), Dv is the delivery ratio (a function of distance 
between source and receiving stream), and A is the area of livestock facility (ha or 
acres). Bacteria concentration in runoff was assumed to be known and constant.
A conceptual model was developed to describe the approximate 
concentrations of microorganisms in soil solutions or desorption of pathogens into 
runoff waters (Reddy et al., 1981). Decay of bacteria was assumed to be first order
8
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and factors affecting decay considered are temperature, moisture, pH, and 
application method. It was subsequently incorporated into the computer code of 
ARM II (Overcash et al., 1983). The application method need not be considered 
separately because the difference between decay rate of surface applied and 
incorporated bacteria maybe due to moisture, temperature, or sunlight. This model 
was not field tested.
A continuity equation was used to describe fecal coliform movement during 
rainfall events (Springer et al., 1983). A sink term for background, input and loss of 
coliforms was incorporated in the model. However, three parameters had to be fitted 
and the model did not do very well for the quantitative prediction of bacteria 
movement on concrete surface.
MWASTE (Moore et al., 1989) is a model developed by using first order 
decay model with adjusted coefficient. The CREAMS (Knisel, 1980) was used to 
generate the hydrology or runoff portion of the model. Bacteria retention after a 
rainfall event was proposed to occur according to the following relation (not 
indicated whether it is empirical), expressed as
D = D0 (l-p)r (2.3)
where D is the bacteria density on the soil surface after infiltration or runoff 
(cells/ac), D0 is original bacteria available on the soil (cells/ac), p is the percent 
reduction factor of runoff or infiltration, which is a function of the soil profile water 
capacity and precipitation depth, and r is the runoff or infiltration water depth (in). 
The ‘p’ term is taken to be a function of the ability of the infiltration or runoff 
waters to partition the fecal coliforms from the wastes and the environmental factors
9
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that influence this process, ‘p’ for infiltration was assumed to be less than that for 
runoff because the infiltration water must partition the fecal coliforms from the 
wastes and also distribute them into the soil matrix, ‘p’ for runoff needs only to 
consider the effects governing the rate at which fecal coliforms becomes suspended 
in the runoff water. Adjusted bacteria die-off rate constant as proposed by Reddy et 
al. (1981) is used in MWASTE with the assumption that waste is surface applied 
and negligible moisture change occurred. The resulting expression for the rate 
constant used was
b -  fpH (0.5) (0.675 (T‘20>) (2.4)
where b is the decay coefficient (d '1), T is the soil temperature (°C), fpn is the pH 
factor and the base temperature is 20 °C. However, bacteria movement associated 
with sediment was not considered and moisture, an important factor for fecal 
coliform survival was not taken into account. Besides, CREAMS model which is 
used to generate runoff is not suitable for Louisiana where high water table exists.
COLI (Walker et al., 1990) is a combination of deterministic and statistical 
model to predict the bacteria concentration of runoff resulting from a single storm 
occurring immediately after land application of wastes. The approach used is 
erosion approach. It was assumed that bacteria pollution in runoff was the result of 
recent environmental conditions and could be simulated by modeling the effects of a 
single storm. Bacteria yield is the product of the mass of manure or soil eroded 
(MUSLE) and a cell density factor, expressed as
B=11.8(10Qd AFqp)056K L S C P C s e lcft (2.5)
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where B is the number of bacteria cells eroded from a specific class area, 10 is the 
conversion factor from mm-ha to m3, Qd is the runoff depth (mm), qp is the peak 
runoff rate (m3/s), A is the watershed area (ha), F is the fraction of the total 
watershed area in the particular class area, K, L, S, C and P are the USLE soil 
erodibilty, slope-length, slope steepness, cover and management, and support 
practice factors respectively, T is the temperature of the air or storage environment 
surrounding the bacteria ( °C), t is the die-off period of bacteria cells (day), f  is the
(T-20)temperature factor 6 and Cs is the cell concentration of soil mixed with manure 
(cells/Mg). The decay rate constant is assumed to be affected by changes in 
temperature only. The effects of pH and moisture conditions were considered 
insignificant. Studies have shown that these factors are significant in affecting die­
off rates. This model is just a simulation and not validated. In addition, vegetative 
strip studies indicated that it is effective in reducing sediment movement but not 
fecal coliform movement (Chaubey et al., 1994). This indicates that bacteria did not 
move totally with sediment. Thus, simulating bacteria loss using MUSCLE will not 
adequately account for the loss during rainfall event.
In conclusion, different models have been proposed, most of them not 
validated and none available for managers to use.
2.2 Hydrologic and Erosion Models of GLEAMS-SWT
A hydrology model and an erosion model is required to generate the 
necessary inputs for an ECOLI model. GLEAMS-SWT (Reyes et al., 1993, 1994) is 
used in this model validation. However, the choice is not limited to GLEAMS- 
SWT. Other hydrologic and erosion models can be used.
11
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2.2.1 The Hydrology Model
GLEAMS-SWT is a modified version of GLEAMS that accounts for 
shallow water table fluctuations and the effects on soil moisture content and 
subsequently the surface runoff volume. GLEAMS-SWT consists of three 
submodels, namely the hydrology, erosion, and nutrient submodels. Concepts of the 
GLEAMS-SWT hydrology submodel are presented below.
The hydrology component is based on mass balance method. Physical 
processes considered are evapotranspiration (ET), infiltration, precipitation, 
percolation, and water table upward flux.
Daily climatic data are used to calculate the water balance in the root zone. 
Infiltration volume is estimated as the difference between daily precipitation and 
daily runoff
F = Pp-Q (2.6)
where Pp, Q and F are precipitation; runoff and infiltration respectively, measured 
in centimeter.
As for soil water accounting, water entering the soil as infiltration becomes 
soil water storage, evaporation, or percolation, below the root zone. Then, soil 
moisture on any day, i, can be expressed as
SMi = SM,.i+ Fj - ETj - Oi + Mi (2.7)
where SMi, Fit FT;, Oj, Mi are the soil water from the surface to the maximum 
root depth, infiltration, evapotranspiration, percolation, and snowmelt on day i
12
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respectively; and SM u  is the soil water from the surface to the maximum root
depth on the previous day, all measured in centimeter.
Since soil water is not uniformly distributed in the soil profile in the root 
zone and soil physical characteristics are not uniform, in GLEAMS-SWT and 
GLEAMS, the root zone is divided into 3 to 12 computational layers, depending on 
the depth of the root zone and the soil horizons. The surface layer is set at one 
centimeter thick and the thickness of the second layer is adjusted so that the total 
thickness of the first two layers are one sixth of the effective rooting depth. The 
other layers in the top soil horizon are a maximum of 10 cm thick divided equally. 
The resulting layers are IS cm thick, equally divided within each horizon. The lower 
layers may be greater than 15 cm to meet the constraint of 12 layers maximum. 
Modeling of processes involved are described below.
2.2.I.1 Surface Runoff
The surface runoff is estimated by using the modified United States Soil 
Conservation Service curve number technique expressed as
(P„-0.2s)2 
Q_ (Pp+0.8s) (2'8)
where Q and Pp are daily surface runoff (cm) and rainfall (cm) respectively and s is 
a retention parameter estimated by
n c w .
s = W l - I W i | ^ - ]  (2.9)
i=l UM
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where Wj, SMi, and ULi are repectively, weighing factor, soil water content (cm) 
and upper limit of soil water content in layer i (cm), n is the number of 
computational layers and Smx is the maximum value of s.
The weighing factor Wi decreases with depth to reflect field conditions 
where soil water content is less near the surface and more further from the surface, 
Wi =  1.016 [ exp (-4.16 dui/RD) - exp (-4.16 di/RD) ] (2.10)
where di is the depth to the bottom of storage i (cm) and RD is the root zone depth 
(cm). SMj is the soil water content in layer i (cm), computed using
SM = (f - BR1S) (RD) (2.11)
where f  is the daily simulated volumetric fractional water content (cm/cm), BR1S is 
the volumetric fractional water content at IS bars tension or 1500 kPa (cm/cm), RD 
is root zone depth, (cm). Similarly, the upper limit of plant available water storage is 
computed with
UL = (<J> - BR1S) (RD) (2.12)
where <|> is the soil porosity (cmVcm3) in the root zone. Smax is the maximum value 
of s, estimated from CN value for antecedent runoff condition I by using the SCS 
equation
1000smax ~ 10 (2-13)
And the CNI is calculated from CNII by using
CNI = -16.91 + 1.348 CNH - 0.01379 CNII2 + 0.0001177 CNII3 (2.14)
where CNII values are readily available from SCS hydrology handbook.
14
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2.2.1.2 Evapotranspiration
Water is lost from the soil profile through evapotranspiration (ET). ET is a 
function of leaf area index (LAI), a soil evaporation parameter (dependent on soil 
water tension characteristics), field capacity, soil moisture, solar radiation, and 
temperature.
Potential evapotranspiration (PET) is calculated by using Penman Monteith 
method or Priestley-Taylor method. Priestley-Taylor method uses daily temperature 
and radiation data interpolated from fitting mean monthly data. Penman-Monteith 
method uses daily temperature, radiation, wind movement, dew point temperature 
which are also interpolated from monthly values. This PET is apportioned to plant 
transpiration and soil transpiration according to Ritchie. The GLEAMS-SWT model 
accounts for soil evaporation and plant transpiration when water is not limiting and 
when water is limiting. If soil evaporation and plant transpiration are limited by 
moisture supply, actual ET (AET) will be less than PET. AET is limited by the 
amount of moisture stored in the zone between the soil surface and the actual 
effective root depth (that is, where the plant roots have penetrated).
Soil evaporation and plant transpiration are calculated layer by layer each 
day and the total amount of moisture evapotranspired from each layer gives ET. The 
sum of soil evaporation and plant transpiration cannot exceed PET. Soil 
evaporation takes place in two stages: the constant and the falling rate stages. In the 
constant stage (Stage 1), the soil is sufficiently wet for the water to be transported to 
the surface at a rate equal to the evaporation potential. In the falling rate stage
15
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(Stage 2), the surface soil water content has decreased below a threshold value, so 
that soil evaporation depends on the flux of water through the upper layer of soil to 
the evaporating site near the surface. It is assumed that the soil water supply to the 
plant roots in not limited. That is, the plants are transpiring at potential rates.
The Ritchie method is used in GLEAMS-SWT model with two 
modifications:
a) solar radiation inputs are mean monthly values instead of daily values; and
b) some equations are modified.
The following sections discuss the soil evaporation, plant transpiration and 
water extraction process from the layers to meet ET demands.
2.2.I.2.1 Soil Evaporation
Potential soil evaporation is predicted using
Eso = E0 exp (-0.4 LAI) (2.15)
where Eq is the potential evaporation at the soil surface (cm) and LAI is the leaf area 
index (m2/m2) defined as the area of plant leaves relative to the soil surface area. 
Actual soil evaporation is computed in two stages:
Stage 1: Soil evaporation is limited only by the energy available at the soil 
surface and this is equal to the potential soil evaporation. The stage one upper limit, 
U, is
U = 9 (8S- 3)042 (2.16)
where U is the stage one upper limit in mm and 8S is a soil evaporation parameter 
dependent on soil water transmission characteristics (ranges from about 3.3 to 5.5
16
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mm day*>/2). The values recommended for loamy soils, clays and sand are 4.S, 3.S 
and 3.3 respectively. When the cumulative soil evaporation exceeds the Stage one 
limit, U, Stage 2 evaporation process begins.
Stage 2: Daily soil evaporation is predicted with the equation
E a - M t *  -(t-1 )* ] (2.17)
where Eg is the soil evaporation for day t (cm), and t is the number of days since
stage 2 evaporation began.
Soil evaporation can be limited by soil moisture supply when the 
accumulated daily soil evaporation is greater than a threshold limit. The threshold 
value is dependent on the soil water transmission characteristics. £ES is reset to 
zero, depending on the magnitude of precipitation. Es is accumulated when the 
moisture content of the upper half of the maximum effective root depth is at field 
capacity.
2.2.1.2.2 Plant Transpiration
Plant transpiration, a function of leaf area index, is calculated from
Ep =E 0 (LAI)/3 for 0 £ LAI £ 3, (2.18)
Ep = Eo-Es for LAI >3. (2.19)
If soil moisture is limited, plant evaporation is calculated by using
Epi = EP*SM / 0.25FC for SM £ 0.25FC (2.20)
where Ep is normal plant evaporation (cm) Epi is plant evaporation limited by soil 
moisture (cm) FC is field capacity o f the soil (cm) and SM is soil moisture (cm) and
17
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at permanent wilting point, the value of soil moisture is zero. If the sum of soil 
evaporation and plant transpiration is greater than E0, then
ES =  E0-Ep. (2.21)
2.2.1.3 Water Extraction
In GLEAMS-SWT, two cases are considered when water is extracted from 
the soil profile for ET: Case 1: PET demand can be met by upward flux from the 
water table, and Case 2: PET demand is not met by upward flux from the water 
table. In this case, the water to supply the remaining demand will come from stored 
moisture in the computational layers where the roots have penetrated (actual 
effective root depth). The detail of these two cases are given below:
Case 1: The water extracted to meet the PET demand is from the upward 
flux from the water table. As a result, there is a drop in water table. The amount 
extracted is estimated by
VWi = di (MCii - MCa) (2.22)
where VWi is the amount moisture extracted from layer i when water table receded 
(cm) MCii and MCa are moisture content when the water table is at initial level and 
final level respectively (cm); and di is the thickness of layer i (cm).
The moisture content for the computational layers depends on the position of 
the water table. It is estimated from the equation of desorption curve, assuming 
drained-to-equilibrium moisture conditions and negligible hysteresis. Volumetric 
drained-to equilibrium moisture content at a computational layer is estimated by the 
relationship between volumetric soil moisture content and soil tension (the distance
18
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between mid-point of that computational layer from the water table depth) 
expressed as
WTSM = DESIRD - DESSLRD loge (RLAY) (2.23)
where WTSM is the equilibrium volumetric soil moisture content of a horizon (%), 
RLAY is the soil tension at that horizon (cm), and DESIRD (cm/cm) and 
DESSLRD (cm/cm2) are the intercept and slope of their relationship at that horizon 
respectively. DESIRD is the porosity if the water table is above that layer. DESIRD 
and DESSLRD vary according to the horizon the layer is located.
Upward flux is estimated by using an empirical relationship between upward 
flux and water table depth with mid-point of actual root depth as the reference point 
to compute the distance between the water table from the roots expressed as
WTET = exp[FLUXINT-(FLUXSLO) loge(FLUXDEPT)] (2.24)
where FLUXINT [loge(cm/h)], and FLUXSLO[loge(cm/h)/logc(cm)] are intercept 
and slope of the upward flux versus water table depth relationship determined 
locally, and (FLUXDEPT) is the distance from the mid-point of the effective 
rooting depth (RD/2) to the water table. The product of WTET and DAYL gives 
potential daily upward flux (PWTET). If PWTET > PET, upward flux = PET. 
Otherwise, upward flux = PWTET.
Case 2: When PET demand exceeds upward flux, the remaining part o f PET 
is satisfied by moisture in the computational layers where the roots have penetrated. 
The extra moisture extracted from the computational layers is estimated by
uwj = Uo/4.16 [exp (-4.16 dn) - exp (-4.16 di)] (2.25)
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where uwj is the water use in storage i (cm), u0 is the rate of water use at the surface 
(cm), and d{_i and di are the depths at the top and bottom of storage i (cm).
The process of extraction will continue until the permanent wilting point is 
reached in the soil zone between the surface and the actual effective rooting depth. 
At the permanent wilting point, AET will be equal to the upward flux from the 
water table.
2.2.1.4 Percolation
The assumption in GLEAMS-SWT is that downward movement of water is 
controlled not only by moisture content at field capacity but also the equilibrium 
moisture content at a specific water table depth.
Percolation is dependent upon moisture content in the root zone. The three 
cases of moisture content of computational layers considered are:
1. Below field capacity (FC),
2. Between field capacity and drained-to-equilibrium, and
3. Equal to drained-to-equilibrium
When infiltration occurs, the order of layers filled to FC is from the top to 
the bottom. If there is still water remaining after the bottom layer is filled to field 
capacity, the layers will be filled to average drained-to-equilibrium moisture content 
starting from the bottom layer to the top. If there is still water remaining, it will be 
used to replenish the water table resulting in upward movement of the water table. 
The change in water table depth depends on the quantity of recharge from 
percolated water and drainable porosity. The change in water table depth is 
expressed as
20
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AWT = DV / DP (2.26)
where AWT is the change in water table depth (cm), DV is the upward flux from
ET(DV is positive) or influx from percolation (DV is negative) (cm), and DP is the 
drainable porosity (cm/cm). Drainable porosity is estimated by using the relation 
between DV and water table depth (WTD) given by
DP = DV/WTD (2.27)
where
DV = DVINT + DVSL1(WTD) + DVSL2 (WTD)2 (2.28)
where DVINT(cm), DVSL1 (cm/cm) and DVSL2 (cm/cm2) are respectively, the 
intercept, linear slope, and quadratic slope of the DV versus WTD relationship 
determined locally.
2.2.2 The Erosion Model
A Brief description of the Erosion submodel of GLEAMS-SWT is given 
below. Details are available in CREAMS (Foster et al., 1980) and GLEAMS 
(Leonard et al., 1987). Erosion component of GLEAMS-SWT is the same as that in 
GLEAMS (Knisel, 1993) which is modified from the erosion model o f CREAMS 
(Foster et al., 1980). Sediment yield is a function of detachment of soil particles and 
the subsequent transport of these particles. The model uses characteristic rainfall 
and runoff factors for a storm to compute detachment and sediment transport for 
that storm. The model is intended to be useful without calibration or collection of 
research data to determine parameter values. Hydrologic input consists of rainfall 
amount, rainfall erosivity, runoff volume, and peak rate of runoff. These terms drive 
the soil detachment and subsequent transport in overland and open channel flow.
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Computations begin at the upper end of the slope. Sediment is routed down 
slope. The output is sediment concentration for each particle type. Concentration 
multiplied by the runoff volume and overland flow area represented by the overland 
flow profile gives the sediment yield for the storm on the overland flow area of the 
field. The overland flow area is represented by a typical land profile. Inputs are total 
slope length, average steepness, steepness at the upper end, steepness at the lower 
end, and location of the end points of a mid-uniform section.
2.2.2.1 Continuity of Mass
Sediment movement downslope obeys the continuity of mass expressed by
dq
 =D l + Df (2.29)
dx
where q is the sediment load (mass/unit width/time), x is the distance down slope,
Dl is the lateral inflow of sediment (mass/unit area/time), and Dp is detachment or 
deposition by flow, (mass/unit area/time). Quasisteady state is assumed so that a 
rainfall and a runoff rate characteristic of each storm can be used in the 
computations. Lateral sediment inflow is from interrill erosion. Flow in rills 
transports the sediment load downstream. Lateral sediment inflow is assumed 
regardless of whether the flow is detaching or depositing.
2.2.2.2 Detachment
For each segment, the model computes an initial potential sediment load 
which is the sum of the sediment load from the immediate upslope segment plus that 
added by lateral inflow within the segment. If this potential load is less than the flow 
transport capacity estimated by Yalin Transport equation, detachment occurs at the
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lesser of the detachment capacity rate or the rate which will just fill transport 
capacity.
Detachment on interrill and rill areas and transport and deposition by rill 
flow are the erosion-transport processes on the overland flow element. Detachment 
is described by a modified USLE,
Dy = 0.21 El (s + 0.014) KCP(o/V)  (2.30)
DFr = 37983 m V Pl/3 (x/72.6)m' 1 s2 K C P (o/V) (2.31)
where Du is interrill detachment rate (lb/ft2/s), DFr= rill detachment capacity rate 
(lb/ft2/s), El = Wischmeimer’s rainfall erosivity (energy times 30-minute intensity), 
I00(ft-ton/acre)(in/hr), x is the distance downslope (ft), s is the sine of the slope 
angle, m is the slope length exponent, K is the USLE soil erodibility factor 
(ton/ac)(ac/l00 ft-ton)(hr/in), C is the soil loss ratio of the USLE cover-management 
factor, P is the USLE contouring factor, V is the runoff volume per unit area 
(ft3/ft2), and o is the peak runoff rate (ft3/ ft2/s).
When daily rainfall amounts are used, the storm El is estimated from a 
regression equation,
El = 8 V r  1-51 (2.32)
where V r  is the rainfall (in). When breakpoint rainfall is used, El is computed using 
standard USLE procedures. Storm energy per unit o f rainfall is given by
e = 916+ 331 logiol (2.33)
where e is rainfall energy per unit rainfall (ft-ton/ac-in), and I = rainfall intensity 
(in/hr).
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2.2.2.3 Deposition
If the initial potential sediment load is greater than the transport capacity, 
deposition is assumed to occur at the rate o f :
Dp= A (T-q) (2.34)
where Dp is the deposition rate (mass/unit area/time), A is a first order reaction 
coefficient (per unit length), and T is the transport capacity (mass/unit width/time). 
The coefficient A is estimated from
A = B v/Q (2.35)
where B is 0.5 for overland flow and 1.0 for channel flow, v is particle fall velocity, 
and Q is discharge per unit width (volume/width/time). Fall velocity is estimated 
assuming standard drag relationships for a sphere of a given diameter and density 
falling in still water. The input to the model is the distribution of the sediment as it 
is detached, that is, the particle types, diameter, specific gravity, and the fraction of 
total amount; the model calculates a new distribution if it calculates that deposition 
occurs. The model also computes an enrichment ratio, ratio of the total specific 
surface area of the sediment to that of the original soil.
2.2.2.4 Sediment Transport Capacity
Yalin sediment transport equation, is used to compute sediment transport 
capacity o f the flow. The Yalin equation is given by 
W,
 =0.635 5 [1 -  (l/a) In ( 1 + a)] = Ps (2.36)
S g g p w d v *
where a  = A . 5 (2.37)
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Y
8 = ------------1 (when Y < YCT, 5 = 0) (2.38)
Yen
A = 2.45(Sg)-°-4(Ycr)1'2 (2.39)
2
V
Y = ------------------  (2.40)
(Sg -  l)g d
v* = ( g R S r ) l/2 (2.41)
where Ws is the transport capacity (mass/unit width/time), v* is the shear velocity 
and is equal to (x/pw)1/2, x is the shear stress, g is the gravitational acceleration, pw 
is the mass density of the fluid, R is the hydraulic radius, Sf is the slope of the 
energy gradeline, Sg is the particle specific gravity, d is the particle diameter, Ycr is
the critical lift force given by the Shields’ diagram extended to low particle
Reynolds numbers. The constant 0.63 5 and Shields’ diagram were empirically 
derived.
Yalin’s equation was modified to distribute transport capacity among the 
various particle types. The Yalin equation was modified to shift excess transport 
capacity. For large sediment loads (sediment loads for each particle type clearly in 
excess of the respective transport capacity for each particle type), or for small loads 
(sediment loads for each particle type clearly less than the respective transport 
capacity for each particle type), the flow’s transport capacity is distributed among 
the available particle types based on particle size and density and flow hydraulics. 
Yalin assumed that the number of particles in transport is proportional to 5. Then for 
a mixture, the number of particles of a given type i is assumed to be proportional to
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Si. Values of 8 i for each particle type in a mixture are calculated and summed to 
give a total
n
T = Z8j.  (2.42)
i= l
where n is the number of particle types. The number of transported particles of type 
i in a mixture is given as
(Ne)i = N, (Sj / T) (2.43)
where N, is the number of particles transported in sediment of uniform type i for a 
Si.
The nondimensional transport, P, of equation [7 ] is proportional to the 
number of particles in transport. Therefore
(Pe)i = P i S i / T  (2.44)
where (Pe) i is the effective P for particle type i in a mixture, and Pi is the P 
calculated for uniform material of type i. Then from equation [7 ], the transport 
capacity for each particle type in a mixture is then expressed as
Wsi = (Pe) i (Sg)j g pw d i v (2.45)
where WSi is the transport capacity of particle type i in a mixture.
2.3 E. coli Adsorption
Microbial sorption to solid surface is a complex process dependent upon the 
microorganism, the solid surface and the liquid phase. These factors include cell 
surface hydrophobicity (Stenstrom, 1989) and electrostatic charge and physiological 
state of the cell, presence of particular surface proteins, extracellular polymers, and
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the surface area and surface charge properties of the soil particles, the colloidal 
fraction, that is , clay and organic matter being the most important (Marshall, 1971). 
It is also dependent upon the ionic environment in the soil (Jewett et al., 1995, 
Gannon et al., 1991, Stotzky, 1985).
Most studies indicated that sorption of microorganism increased with 
increasing clay content (Marshall, 1971, Weaver et al., 1978). Weaver et al. (1978) 
studied adsorption o f£  coli on four different soils with different clay content found 
that adsorption increases with increasing clay content of the soil and that clay 
content is more important than organic matter in adsorption. Studies o f adsorption 
of microorganism on surfaces indicate that at equilibrium, adsorption approximately 
follows that of Freundlich isotherm, expressed as
kd = Cs/C wn (2.46)
where n is unity for dilute concentration of microorganisms, Cs and Cw are 
concentrations on solid (cells/g) and in liquid (cells/mL) respectively, and kd is 
distribution coefficient (mL/g) (Matthess et al., 1988, Thomas et al., 1977, Burge 
andEnkiri, 1978).
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CHAPTER 3 
MATERIALS & METHODS 
3.1 E. coli Adsorption Experiments
Two experiments were carried out to study the adsorption of E. coli on two 
different soils and subsequently determine the distribution coefficient of£. coli on 
two different soils of different clay contents. Two methods were used to determine 
adsorption, loose adsorption and tight adsorption. For tight adsorption, the method 
follows that of Weaver et al. (1978) as given in Section 3.1.4. For loose adsorption, 
the method is a modification of that of Weaver et al. (1978) as given in 
Section 3.1.3.
3.1.1 Soils
The two soils used were Commerce Clay Loam from Ben Hur Research 
Station in Baton Rouge, and Tangi Silt Loam from Southeast Research Station of 
Louisiana State University’s Agricultural Center in Washington Parish, Louisiana. 
The two soils chosen are of agricultural significance and they have different clay 
contents to demonstrate the effect of clay content on adsorption. Characteristics of 
the two soils are shown in Table 3.1. Physical properties of Commerce Clay Loam 
were provided by Dr. R. L. Bengtson (personal communication) and that of Tangi 
were determined in the laboratory. Analysis of clay, silt, and sand content of Tangi 
silt loam was done by hydrometer method (Gee & Bauder, 1986). Chemical 
properties o f the soils were determined in the Soils Testing Laboratory, Agronomy 
Department o f Louisiana State University. The soils were air-dried and ground to 
pass a 2-mm sieve to prepare them for experimental use.
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Table 3.1 Physico-chemical properties of Tangi and Commerce soils
Soil pH Organic
Matter
(%)
Clay
(%)
Silt
(%)
P Na K
(mg
/kg)
Ca Mg
Tangi 6.3 0.84 14 57 359 13 146 1417 202
Commerce 5.1 0.54 35 28 220 43 267 2453 442
3.1.2 Source of E  coli
E. coli is chosen here since E. coli is the predominant component of fecal 
coliforms, an indicator of microbial pollution of water. E  coli (wild strain) culture 
was isolated from runoff collected at Southeast Research Station at Franklinton, 
Louisiana. Cultures were grown in L broth (10 g tryptone, S g yeast extract, and S g 
NaCl per liter at pH7.2) using a C-76 Classic Water Bath Shaker (New Brunswick 
Scientific Co., Inc.) at 37°C and the speed of 165 rpm for 16-17 hours. The 
concentration of the inoculum was adjusted to 106 cells per milliliter by using 
optical density measurements at 600nm (Spectronic 20+, Spectronic Instruments, 
Inc.) (Miller, 1972). The actual concentration was determined according to the 
membrane filtration method (APHA et al., 1995).
3.1.3 Loose Adsorption
The experiment was carried out at temperature o f  18±2°C. Six milliliters of
E. coli suspension of 106 cells per milliliter was shaked with 6 grams of soil in a 
50mL sterile polypropylene conical tube (Becton Dickinson) for one minute. The 
inoculum concentration chosen here, 106 cfii/mL represents the maximum possible 
concentration released by freshly deposited cow waste during rainfall event (Thelin
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and Gifford, 1983). The mixture was left to stand for 5 minutes. Equilibrium was 
taken to have been established in 5 minutes as studies of adhesion o f E. coli cells to 
clay particles was found to occur at zero time and no significant change occurred 
after that (Hattori, 1970). This time period for establishment of equilibrium was also 
used in Weaver et al. (1978) studies of adsorption of £1 coli to different soils. The 
mixture was centrifuged at 48xG for a duration of 3 minutes in Dynac Centrifuge 
(Model No. 420101, Clay Adams Brand) with 4-place 100 mL horizontal head with 
4p/N 420908 shields. Because the particle size of clay is less than 2 pm and particle 
size o f bacteria is 0.3-1.5 pm, separation by filtration is impossible. Since the 
density o f clay is about 2.6 g/cm3 and that of bacteria is 1.0-1.1 g/cm3 (Yates and 
Yates, 1991), differential centrifugation was selected as the method used for this 
experiment with one micron as a cutoff size for pelleting clay particles (Weaver et 
al., 1978). Stokes’ Law was used to determine the g-force required to pellet clay 
particles o f effective diameter of more than one micron (Gee and Bauder, 1986) 
(Equation 3.1).
a= 18qh/(tg(p*-pi)x2) (3.1)
where a is the number of times of G-force, p» and pi are particle densities of clay 
(2.60) and water (1.0) respectively (g/cm3), t is time of centrifugation (s),180 s was 
used, r\ is the viscosity of water (gs/cm), 0.00870S gs/cm was used, h is the height 
of fluid column (cm), 0.9 cm was used, and x is the particle diameter (cm) taken to 
be lO"4 cm. The supernatant was separated from the soil and analyzed for £  coli. 
The inoculum was also analyzed fo r£  coli concentration by the membrane
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filtration method. Since soils were not sterilized, controls with soil and dilution 
water only were set up. The experiment was carried out in triplicates at three 
different times.
3.1.4 Tight Adsorption
The experiment was carried out at temperature of 18±2°C. Six milliliters of 
E. coli suspension of about 106 cells per milliliter was mixed with 6 grams o f soil in 
a 50mL sterile polypropylene conical tube (Becton Dickinson) for one minute. The 
mixture was left to stand for S minutes. Forty milliliters of physiological saline 
(0.85% NaCI in distill water) was added to the mixture. The mixture was suspended 
by shaking on a shaker for 5 minutes. Then the mixture was centrifuged at 200xG 
for a duration of 6 minutes in Dynac Centrifuge (Model No. 420101, Clay Adams 
Brand) with 4-place 100 mL horizontal head with 4p/N 420908 shields. Equation
3.1 was used to computed the g-force necessary to bring down clay particles of I 
micron and larger, with time, t, o f360 s, and height, h, of 7.2 cm. The supernatant 
was separated from the soil and analyzed for E  coli. The inoculum was also 
analyzed foris. coli concentration by the membrane filtration method. Table 3.2 
shows the actual concentration of E. coli in inoculum. Another 40mL of 
physiological saline was added to resuspend the soil and then the mixture was 
centrifuged as before. The supernatant was again decanted and analyzed for£L coli. 
The experiment was carried out in triplicates.
3.1.5 E. coli Analysis
E  co/i concentration was analyzed by using the membrane filtration method 
according to the Standard Methods of Examination of Water and Wastewater
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(APHA, 1995). Cultures were grown on M-FC media and incubated at 44.5°C for 
24 hours (Fisher Scientific Isotemp Standard Incubators 600 series).
3.1.6 Computations
Tight adsorption of cells on the soil particles was computed as follows:
Ads = [Nt- (Nw+Ni+Nc)] / Nt x 100 (3.2)
where ads is the percent adsorption, Nt is the total number of bacteria added to the 
soil, Nw is the number of cells in supernatant of the first washing, Ni is the number 
of bacteria in suspension of the second washing, and Nc is the number of bacteria in 
uninoculated soil suspension. The distribution coefficient of bacteria is computed 
according to
kd=Cs/Cw (3.3)
where Cs is the concentration of bacteria in solid phase (cfu/g) expressed as
Cs=[Nr (Nw+N,)]AV (3.4)
and Cw is the concentration of bacteria in suspension (cfii/mL)
Ci = (Nw+Ni)/V (3.5)
where W is the weight of soil used in the mixture in grams and V is the volume of
fluid in the mixture, mL.
Loose adsorption of cells on the soil particles was computed indirectly as 
follows:
Ads = [Ct- (Cp-Q)]/ Ct x 100 (3.6)
where Ads is percent adsorption, Ct is concentration of bacteria in the absence of 
soil (cfu/mL), Cp is the bacteria concentration of the supernatant in the inoculated
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tube (cfu/mL), and Cc is the concentration of the supernatant in the uninoculated 
tube (cfu/mL).
The distribution coefficient of bacteria is computed according to 
Equation 3.3. Cs is the concentration of bacteria in solid phase (cfu/g) expressed as
Cs=Ct-(C p-Cc) (3.7)
Cw = Cp-Cc (3.8)
Cw is the concentration of bacteria in suspension (cfu/mL).
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CHAPTER 4 
THE ECOLI MODEL 
4.1 Model development
4.1.1 Introduction
A model is developed to simulate E. coli density in surface runoff from land 
applied with animal waste. The model consists of two components, days with no 
rain and days with rain. For dry days, E. coli density on land is affected by two 
major processes, the addition of E. coli by waste application and the reduction of E. 
coli through die-off or decay. The decay model used is first order decay model 
(Chick, 1908, Sherer et al., 1992). Factors affecting the die-off rate considered are 
temperature (Scott and Drapcho, unpublished), pH (McFeters and Stuart, 1972), and 
moisture (Boyd et al., 1969). It is assumed that negligible outflow of E. coli occur in 
pore water, E  coli is evenly distributed throughout the surface centimeter layer of 
the soil, regrowth of E. coli, the effect of UV light, and microbial predation on E  
coli are negligible (Boyd et al., 1969).
On wet days, in addition to E  coli being added through application and loss 
through dieoff, loss in rain water occurs through percolated water and runoff with 
sediment. The loss of bacteria in runoff is dependent on the density o f bacteria on 
land and the action of rain and flowing water in moving the bacteria. During rainfall 
events bacteria move from the land both suspended in water and with sediment 
(Schillinger and Gannon, 198S). Therefore, in this model, E  coli movement during 
rainfall events is the result of both liquid (water) phase movement and solid 
(sediment) phase movement. It is assumed that E. coli establishes an instant
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equilibrium between liquid and solid phase and that the adsorption isotherm is 
linear, the concentration of £  coli does not change as water and sediment move to 
the edge of the field, negligible hydrodynamic dispersion occurs, rainfall and runoff 
water interact with the surface layer of 1 cm thick, and £  coli bacteria are evenly 
distributed on land.
4.1.2 Mass Balance
At the end of day i, £  coli density is assumed to be a function of initial 
density, density loss due to decay and rain water and addition of waste that may be 
expressed as
D i =  f (D 0, Ddecay> Drain) (4-1)
where is Do is the initial density on land, Ddecay is the density loss due to decay, and 
Dram is the density loss in rain water, all in unit of cells/ha. By the principle of 
conservation of mass,
Di= D |.i - Ddecay + Dadd “ Drain (4-2)
where D ;.i is the £  coli density at the end of the previous day, and Dadd is the waste 
added on day i. Decay loss, £  coli addition and rain loss are discussed in detail in 
the following sections.
4.2 E. coli Decay
The survival of enteric bacteria in or on the soil after manure application 
before a rainfall event determines the number o f bacteria available for transport. In 
the ECOLI model, £  coli decay is assumed to follow first order decay as expressed 
in Equation 2.1. Many factors affect enteric bacteria decay rate (Crane and Moore,
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1986). Among the environmental factors affecting enteric bacteria decay in the soil 
environment, the most important are temperature, pH, and moisture. In the ECOLI 
model, the decay coefficient is computed daily based on daily average soil surface 
temperature and moisture content of the surface layer. pH is assumed to be soil 
dependent. The base decay coefficient is taken to be the decay coefficient at 20°C, 
pH of 6.8 and moisture content of 100%. At other conditions, decay coefficient is 
adjusted as discussed below.
4.2.1 Temperature Factor
Most studies show that £  coli or fecal coliforms decay rate increases 
significantly with increasing temperature (Howell et al., 1996, Flint, 1987, Gerba et 
al., 197S, Van Donsel et al., 1967). Scott and Drapcho (Unpublished) studied the 
effect of temperature on decay coefficient of fecal coliforms in dairy waste at four 
different temperature locally found that decay rate increased significantly with 
increase in temperature from 18 to 32 °C. By regression, the temperature factor, fr, 
the decay coefficient relative to the decay coefficient at 20°C is obtained (Fig. 4.1) 
and used in the ECOLI model. The relationship between temperature factor, fr and 
temperature maybe expressed as
fT=1.1447T'20 (4.3)
where T is temperature in °C. This relation has a coefficient of determination of 
0.99 and is valid for temperature range of 18°C to 32°C.
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Figure 4.1-Relationship between temperature factor, fr, and temperature based on 
data of Scott and Drapcho (unpublished).
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4.2.2 pH Factor
Soil pH affects the survival of E. coli. Studies of E. coli decay at different 
pH shows that E. coli survived best (lowest decay rate) in a pH range of 5.5 to 7.5 
(McFeters and Stuart, 1972). By regression of data of McFeters and Stuart (1972), it 
was found that the lowest decay coefficient was at pH 6.8. Based on this data, decay 
rates at different pH relative to decay rate at pH 6.8 was obtained and called the pH 
factor, fPH. The resulting relationship between pH and pH factor (Fig. 4.2) was used 
in the ECOLI model and it may be expressed as
fpH = 0.0377h2- 0.5173h+ 1.8019 (4.4)
where h is the pH of the soil. This relation has a coefficient of determination of 
0.98 and is valid for 4 £ pH £ 10. For pH less than 4 or greater than 10, the relative 
decay rate could be higher than that obtained by this relation (McFeters and Stuart, 
1972).
4.2.3 Moisture Factor
Moisture is essential for microbial survival. However, data related to 
quantitative relationship between decay coefficient with soil moisture are limited. 
Boyd et al. (1969) found that decay rate of£. coli increased as moisture content 
decreased from 50% to 10% for two types of fine sandy loam soil, Weld and 
Greeley. The moisture factor, fsw, is the decay coefficient at different moisture 
content relative to the decay coefficient at saturation. By regression of literature data 
(Boyd et al., 1969) the relation between moisture factor and soil moisture maybe 
expressed as
W=2.9sw'a2 (4.5)
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Figure 4.2-Relationship between pH factor, fpH, and pH based on data o f McFeters 
and Stuart (1972).
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where sw is the saturation of soil water content in mass basis (%). This relation has 
a coefficient of determination of 0.99 and is valid for 16%£ sw < 100% (Fig. 4.3).
4.2.4 Adjusted Decay Coefficient
Interaction between temperature, pH, and moisture in affecting decay has not 
been documented. However, the effect of temperature and sediment size in decay 
has been investigated and found to be non-interactive (Howell et al., 1996). 
Therefore, in ECOLI model, decay coefficient, b, is adjusted by using non- 
interactive model, that is, assuming that only one factor can influence the decay at a 
time. The adjusted decay coefficient may be expressed as 
b = bb max [fT, fpH, f sw] (4.6)
where b is the adjusted decay coefficient (day'1), bb is the base decay coefficient 
(day*1) which is taken to be at 20°C, moisture content of saturation, and pH 7 , fr is 
the temperature factor, fsw is the moisture factor, and fPH is the pH factor. This is in 
contrast to the interactive model proposed by Reddy et al. (1981), that is, assuming 
that all the key factors can influence the decay coefficient and the adjust the decay 
coefficient relative to the base decay rate expressed as
b = bb f i  fap fPH fsw (4.7)
where fap is the application method factor. Furthermore, the application method 
factor is not considered as a separate factor in the ECOLI model.
4.3 £  coli Addition
On days when waste is applied, E. coli is added to the soil. The addition rate 
maybe expressed as
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Boyd et al. (1969).
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a = 10'8 (wm cm) (4.8)
where a is the E. coli addition rate from waste application (cells/cm2/day), wm is the 
weight of manure applied (kg/ha), Cm is E. coli concentration in manure (cells/kg of
g 2
waste), and 10 is the conversion factor from cells/ha/day to cells/cm /day.
4.4 E. coli Loss in Rain
On days with rain, it is assumed that E  coli decay and E. coli addition 
occurred the same way as that in dry days and then loss in runoff due to rainfall 
event occurs.
4.4.1 £  coli Mass Balance
In soil, bacteria in general are found suspended in fluid phase and adsorbed 
on solid phase (Marshall, 1980). On wet days, during rainfall events, water moves 
the bacteria from the soil and/or manure to subsurface soil through infiltration and 
percolation. If there is runoff, bacteria are carried laterally off of soil surface. 
Analysis of storm water indicated that some of the bacteria are adsorbed onto solid 
or sediment and move with sediment while others are suspended in water and flow 
with the flowing water (Schillinger & Gannon, 198S). Therefore, in ECOLI model 
E  coli movement during runoff events is simulated in two phases, suspended in the 
liquid phase and attached to the solid phase. Figure 4.4 illustrates the movement of 
E  coli from land to runoff. The concentration of E  coli in water and on sediment is 
a function of the density of E. coli on land and the distribution coefficient of E  coli 
in soil-water system. The amount of E. coli lost in water in turn is a function of the 
concentration of E  coli in water and the amount of runoff and percolation. The loss
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'av
Figure 4.4-Movement of E. coli from land to runoff with sediment during a rainfall 
event Dav, Dr, Dp> and Ds are available density in the field, density loss 
in runoff water, density loss in percolation and density loss in sediment 
respectively. Cw, Cs, and C„ are concentrations of E. coli in runoffj 
sediment and runoff with sediment respectively. P is the amount of 
precipitation, Q is the volume of runoff, Pc is the amount of percolation 
from a hydrology model and Sy is the sediment yield from an erosion 
model.
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in sediment is a function of the concentration on sediment and also the amount of 
sediment and the relative specific area of the sediment to that of soil matrix.
On day i, after decay and addition of waste, available density is subjected to 
loss in the rain. Rain available density can be expressed as
Day = Dj.1 — Ddecay Dadd (4-9)
After the rain, E  coli density left is the density at the end of day i, expressed as
Dj — Dav ‘ Drain (4-10)
where Drain = Dr + Ds + Dp (411)
where Di is the E. coli density at the end of day i, Dr is the E. coli density loss in 
runoff on day i, Ds is the E. coli density loss in sediment on day i, Dp is the E. coli 
density loss in percolation on day i, and Dav is the available density after the day’s 
decay and addition of waste, all measured in cells/cm2. The order of computing E  
coli changes on land surface during wet days is as follows:
a) Loss in decay
b) Addition from application
c) Loss in runoff water
d) Loss in sediment
e) Loss in percolation
To estimate E  coli loss in runoff water, sediment and percolation requires an 
estimation of E  coli concentration in water and on sediment, which is discussed 
below.
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4.4.2 E  coli Concentrations
During rainfall events, the concentration of E. coli in runoff is a function of 
the available density of E. coli on land. When it rains the impact of raindrops and 
the moving water causes the release of E. coli from manure or soil. These E. coli 
may move in clusters, attached in sediment or as solitary cells. The concentration of 
E. coli in runoff and in percolation is estimated in a manner similar to the 
concentration of pesticide in runoff in a pesticide model (Leonard and Wauchope, 
1980). In ECOLI model instead of runoff that extracts E  coli from the soil, 
rainwater causes E. coli to be released from the soil or manure. In ECOLI model 
instead of percolation loss occurring before runoff, it is assumed that percolation 
and runoff occurs simultaneously whenever runoff is produced. If there is no runoff 
the only loss is through percolated water. In addition, the concentration of E. coli in 
downward moving water is assumed to be the same as the E. coli concentrationin 
lateral moving water. E. coli released is assumed to establish instant equilibrium 
with sediment and rainwater. E  coli is assumed to be completely mixed in the soil- 
water system. The concentration of E. coli in runoff at the edge of the field is 
assumed to be the same as the equilibrium concentration. Figure 4.S illustrates the 
inflow and outflow of£. coli during a rainfall event. E  coli released establish 
instant equilibrium with rainwater and sediment and E. coli is lost through runoff 
and sediment if there is runoff produced by the rain and lost downward through 
percolated water. If there is no runoff, the only loss during rainfall event is through 
percolated water.
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Figure 4.5-Inflow and outflow of E. coli in water and sediment during a rainfall
The available density of E. coli on the soil surface before a rainfall event is 
taken to be the density left over from decay and addition of the day. Converting to 
concentration basis,
where C0 is the overall soil concentration of E. coli in the surface layer before 
rainfall event (cells/g of soil), Dav is the available density of E. coli (cells/cm2) as
and pb is the bulk density of surface layer (g/cm3), and d is the depth of surface 
layer (cm). In ECOLI model the surface layer soil depth is taken to be a centimeter 
thick. This choice of thickness is arbitrary. Leonard et al. (1979) studying herbicide 
in runoff found that the average storm herbicide concentrations in runoff were 
correlated with herbicide concentrations at 0- to 1-cm depth increment of the 
watershed soils at the time of runoff. No studies have been done for bacteria.
event.
Co-Dav/ms (4.12)
given in Equation 4.10, and ms is the soil mass of the surface layer (g/cm2) 
expressed as
(4.13)
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Considering a unit volume of rainwater, the total number of cells released 
into rain water maybe expressed as
N=aC0 (4.14)
where N is the number of cells released per unit volume of rainwater (cells/mL). C0 
is the overall soil concentration of E. coli in the surface layer before a rainfall event 
as in Equation 4.12 (cells/g of solid), and a  is the release coefficient which reflects 
the amount of soil and/or manure involved in the release of E. coli per unit volume 
of rainwater (g/mL). The released cells establish equilibrium with water and 
sediment,
N=CwV+Csd (4.15)
where V is the volume of water per unit volume of rainwater. Substitute equation 
4.15 in 4.14,
a  Co=CwV + Csa (4.16)
Assuming that the volume of solid per unit volume of runoff is negligible 
compared to the volume of water, then, V, the volume of water per volume of 
rainfall is unity. Therefore,
aCo =Cw + Csd (4.17)
Assuming that£  coli adsorption is described by linear adsorption isotherm 
(Equation 3.3), Cw, the concentration of suspended E  coli in water is given by
r  -  aCo
w 1+akjj
The concentration of E. coli on solid phase or sediment is given by
(4.18)
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_ ak dC0 
s l+ a k d
(4.19)
a  is the parameter to be determined from calibration as it cannot be directly 
measured. Since E. coli concentration in the soil decreases during a precipitation 
event, to avoid overprediction of rain loss of E. coli especially during high rainfall 
event, the concentration in water is computed for every centimeter of precipitation 
and an average value is computed for the whole event.
4.4.3 £  coli Adsorption
Studies have shown that the percent of adsorbed bacteria increases with 
increasing clay content of a range of soil types (Marshall, 1971, Weaver et al.,
1978). The distribution coefficient can be determined experimentally for a particular 
soil as given in Section 3.1. A relationship between distribution coefficient and clay 
content of soil based on the studies determined locally in the laboratory and also of 
Weaver et al. (1978) is incorporated in the model. This relation can be expressed as
where Cy is the clay content in the soil (%). This relation has a coefficient of 
determination of 0.67 and it is valid for clay content of 0.10 to 0.54 (Fig. 6.2).
4.4.4 £  coli Loss in Runoff
In a rainfall event, E. coli is lost through runoff water, percolation water, and 
sediment. The runoff loss o f £  coli is a function of the concentration in runoff water 
and also the runoff amount expressed as
kd = exp(3.9 In Cy-  11.3) (4.20)
Dr = Cr Q (4.21)
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where Cr is the average storm runoff concentration of suspended £  coli (cells/mL) 
as given by Equation 4.18, and Q is runoff amount (cm).
4.4.5 £  coli Loss in Percolation
The percolated loss of £  coli is a function of the concentration in water and 
also the amount of percolation. It maybe expressed as,
Dp = U Cp Pc (4.22)
where Dp is the £  coli lost in percolated water as water move downward in the soil, 
(cells/cm2), U is the upper limit of the proportion o f £  coli in suspension that is lost 
in percolated water ranging from 0 to 1 and is a function of soil type, a value o f 0.0 
for clay, Cp is the average storm concentration of suspended £  coli as expressed in 
Equation 4.18 and it is assumed to be the same as the runoff concentration (cell/mL) 
and Pc is the amount of percolated water (cm). The upper limit is necessary due to 
the fact that the actual concentration leaching through decreases with distance from 
the surface due to adsorption and filtration which is normally termed as retention. 
Based on the studies of retention of £  coli on four different soils, retention of £  
coli is found to be dependent on the type of soil and the pore size distribution of the 
soil, the finer textured soils or one with greater percentage of pore space comprised 
of small pores would have the greatest potential of filtering out bacteria (Weaver et 
al., 1978). Based on the experimental data of Weaver et al. (1978), an upper limit is 
established as a function of the clay content of the soil and it maybe expressed as 
U = exp [0.00212 (Cy)2 -  0.242 Cy + 1.62] (4.23)
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where U is the proportion of E. coli leached through 1-cm thick surface layer and Cy 
is the clay content of the soil (%) (Fig. F.l, Appendix F).
4.4.6 £  coli Loss in Sediment
The loss of E. coli attached to sediment is a function of the concentration of 
E. coli on solid, sediment yield and also the enrichment ratio. The enrichment ratio 
is the ratio of the specific surface area of the sediment to that of the soil matrix. As 
soil gets eroded, more fine particles are carried by runoff to the edge of the field and 
larger particles are redeposited. Since adsorption is a surface phenomena, the larger 
the specific surface area, the higher will be the quantity of E. coli per unit mass of 
soil. Therefore, E  coli loss in sediment can be expressed as
DS = (CS E Sy) (4.24)
where Ds is the loss in sediment (cells/cm2), Cs is sediment concentration in the 
field (cells/g) as given by Equation 4.20, E is the enrichment ratio of specific 
surface area, ratio of specific surface area of sediment to that of the original soil, 
and Sy is the sediment yield (g/cm ).
The overall concentration o f£  coli in runoff with sediment is
Cr, = Ds/Q  + Cr (4.25)
where Cm is the overall concentration o f£  coli in runoff with sediment (cells/cm3), 
Ds is the total E. coli loss in sediment (cells/cm3), Q is total storm runoff (cm), and 
Q  is the E. coli concentration in runoff water (cells/mL).
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CHAPTER 5 
INPUT REQUIREMENT 
5.1 ECOLI Model Input Requirement
5.1.1 Climatic Data
The ECOLI model requires the input of daily precipitation, daily soil surface 
temperature, soil moisture content, runoff, percolation, and saturated water content 
which are generally available from the output of a hydrology model. The hydrology 
model has to be run prior to the ECOLI model. A pass file ‘pcpero’ is created for 
this purpose. Initial soil moisture content is required and this is also available from a 
hydrology model. The daily average soil surface temperature is to be included in the 
input file, ‘ecoli.in’.
5.1.2 Soil Data
Soil data required by ECOLI model are soil pH, bulk density of surface 
layer, and the clay content of the surface layer. Soil pH affects the £  coli decay 
coefficient. Clay content influences the partitioning of £  coli between water and 
sediment phase. Bulk density is used to convert £  coli density from cell per unit 
area to cell per unit mass basis. The amount of soil eroded and the enrichment ratio 
for a rainfall event can be obtained from the output of an erosion model such as 
GLEAMS-SWT.
5.1.3 £  coli Data
ECOLI model requires the base decay coefficient of £  coli (at 20°C, 
saturated soil moisture, and pH 6*7), initial soil £  coli density, and £  coli
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concentration in manure. Users have the choice of using the model estimate of E. 
coli distribution coefficient or their own value.
5.1.4 Manure Data
ECOLI model requires the input of the weight manure applied per hectare 
per day. Readers are referred to ECOLI user manual version 1.0 in Appendix B for 
more details o f input parameters.
5.2 Hydrology and Erosion Model Input Requirement
The hydrology and erosion model requirements depend on the model chosen 
by users to generate daily runoff, percolation, soil moisture, and average daily soil 
surface temperature. As for the GLEAMS-SWT model, a brief description is given 
below:
5.2.1 Climatic Data
Daily precipitation, mean monthly maximum and minimum temperature for 
each month, and mean monthly solar radiation for each month are required for input 
of GLEAMS-SWT.
5.2.2 Soil Data
Soil data required by GLEAMS-SWT model are fraction of clay, silt, and 
sand of the surface layer, SCS curve number for moisture condition n, soil 
evaporation parameter, moisture characteristic curve intercept, and slope for each 
soil horizon, intercept, and first and second order slope of the drainable volume 
versus water table depth relationship, the slope and intercept of the 
evapotranspiration upward flux versus water table depth relationship, lateral or 
horizontal hydraulic conductivity for each soil horizon, number of soil horizons and
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the depth to the bottom of each soil horizons, porosity, field capacity, and wilting 
point water content of each soil horizon, and soil erodibility factor for the slope 
segment.
5.2.3 Watershed Data
Watershed data required are the area of the watershed, the hydraulic slope of 
the field, the ratio of field length to field width, data on overland flow profile slope, 
drainage area represented by the overland flow profile and data on channel and 
impoundment whenever applicable.
5.2.4 Vegetation Data
Since vegetation influence moisture content of the soil which influence the 
runoff and percolation, vegetation data is required for input. Data required are 
effective rooting depth of the plants, date of planting, harvesting and/or truncation, 
and leaf area index data which can be user specified if the crop is not in the data 
base. Readers are referred to GLEAMS-SWT (Reyes, 1993) and GLEAMS (Knisel, 
1993) for details of input parameters for the hydrology and erosion submodels. 
Sample input parameter values and their sources are given in 
Appendix C.
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CHAPTER 6 
RESULTS AND DISCUSSION 
6.1 E. coli Adsorption Experiments
6.1.1 Results
6.1.1.1 Loose Adsorption
Table 6.1 shows the inoculum concentration for loose adsorption 
experiment. Table 6.2 shows the concentration of£. coli in suspension and the 
concentration on soil solids for both Tangi and Commerce soils for loose 
adsorption. The concentration in suspension is about 2 orders of magnitude higher 
in Tangi when compared to Commerce. On the other hand, the concentration on 
solid phase is four times higher in Commerce than in Tangi soil. Table 6.3 shows 
adsorption and distribution coefficient of Tangi and Commerce soils for loose 
adsorption. It shows that only 24.5% of E. coli are adsorbed on Tangi Silt Loam 
whereas 99.2 percent o f£  coli is adsorbed on Commerce Clay Loam. The 
distribution coefficient of E. coli in Commerce Clay Loam is 127 mL/g whereas that 
of Tangi Silt Loam is 0.33 mL/g.
6.1.1.2 Tight Adsorption
Table 6.4 shows inoculum concentrations for tight adsorption experiment. 
Table 6.5 shows E. coli concentration in suspension and E. coli on soil solid for 
tight adsorption. E. coli suspension in Tangi Silt Loam mixture has higher 
concentration, one order of magnitude higher than that of Commerce Clay Loam.
On the other hand, the concentration of E  coli on solid phase in Tangi is about one 
order o f magnitude lower than in Commerce Clay Loam. Table 6.6 shows the tight
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Table 6.1 Inoculum concentrations for loose adsorption experiment
Replicate Concentration
(cfu/mL)
I 5.5 x 106
2 5.1 x 106
3 6.4 x 106
Table 6.2 Concentrations of£. coli in suspension and on soil for loose adsorption
Replicate Concentration in suspension 
(cfu/mL)
Concentration on soil 
(cfii/g)
Tangi Commerce Tangi Commerce
1 4.05 x 106 4.23 x 104 1.42 xlO6 5.42 x 106
2 4.10 x 106 3.57 x 104 1.00 x 106 5.06 x 106
3 4.60 x 106 5.60 x 104 1.80 x 106 6.34 x 106
Mean (4.310.3) x 10° (4.511.0) x 104 (1.410.4) x 10° (5.6010.7) x I06
Table 6.3 Percent adsorption and distribution coefficient o f£  coli in two different 
soils for loose adsorption
Replicate Adsorption
(%)
Distribution coefficient 
(mL/g)
Tangi Commerce Tangi Commerce
I 25.9 99.2 0.35 128
2 19.6 99.3 0.24 141
3 28.1 99.1 0.39 113
Mean 24.514.4 99.210.1 0.3310.08 127114
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Table 6.4 Inoculum concentrations for tight adsorption experiment
Replicate Concentration
(cfu/mL)
I 3.07 x 106
2 3.23 x 106
3 2.53 x 106
Table 6.5 E. coli in suspension and K  coli on soil solid for tight adsorption
Replicate E. coli in suspension 
(cfu)
E  coli on soil 
(cfu)
Tangi Commerce Tangi Commerce
1 1.15 x 107 7.82 x 103 6.92 x 106 1.76 x 107
2 1.68 xlO7 1.17 x 106 11.98 x 106 2.76 x 107
3 9.88 xlO6 5.11 x 105 5.32 x 106 1.47 xlO7
Mean (1.3±0.4)xl07 (SiBJxlO3 (8±3)xl0c> (2.0±0.7)xl07
Table 6.6 Percent adsorption and distribution coefficient ofE. coli in two different 
soils for tight adsorption
Replicate Adsorption
(%)
Distribution coefficient 
(mL/g)
Tangi Commerce Tangi Commerce
1 37.6 95.7 0.60 22.5
2 41.6 95.9 0.71 23.7
3 35.0 96.6 0.54 28.8
Mean 38.1±3.3 96.110.5 0.6210.09 25.013.3
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adsorption of E. coli and the distribution coefficient of E. coli in Tangi Silt Loam 
and Commerce Clay Loam. For Tangi Silt Loam, E. coli has significantly higher 
distribution coefficient for tight adsorption than that of loose adsorption (p=0.02). 
For Commerce Clay Loam, the distribution coefficient for the case of tight 
adsorption is only about 20% that o f loose adsorption. The percent tight adsorption 
in Commerce Clay Loam is significantly lower than that of loose adsorption 
(p<0.00001). The percent tight adsorption in Tangi Silt Loam is significantly higher 
than that of loose adsorption (p=0.006).
6.1.2 Discussion
Both loose and tight adsorption experiments show that Commerce Clay 
Loam has the ability to adsorb more E  coli than Tangi Silt Loam. This is most 
likely due to the higher clay content of Commerce Clay Loam compared with Tangi 
Silt Loam. Studies have shown that certain clay minerals stimulated respiration of 
microorganisms by maintaining pH of the environment suitable for sustained growth 
(Stotzky, 19661) and that the stimulation of bacterial respiration by clay minerals 
increased with an increase in cation exchange capacity and surface area of the 
particles (Stotzky, 19662). Assuming that soil particles are spherical, the specific 
surface area is inversely proportional to the diameter of the particles, that is, the 
surface area per unit mass increases as the particle diameter decreases. In addition to 
the diameter factor, Commerce Clay Loam may have considerably more 2:1 clay 
than Tangi Silt Loam that resulted in such high E. coli adsorption in Commerce 
Clay Loam. For 2:1 clay, water and other polar molecules can penetrate in between 
unit layers held by weak van der Waals forces causing a considerable amount of
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internal surface to be exposed. This results in high specific surface area, as high as 
800 m /g oven-dry in montmonllonite, with external surface area contributing only
about 40-80 m2/g. Isomorphous substitution in 2:1 clay also impart a net negative 
charge on unit layers of clay, transiently neutralized by hydrated cations with the 
associated water able to form H-bonds with cell surfaces.
The increase in adsorption with increasing clay content is similar to that 
observed by other researchers (Gromyko et al., 1986, Weaver et al., 1978, 
Minenkow, 1929). The study indicates that runoff in Tangi Silt Loam could have 
higher concentration of £  coli compared to that of Commerce Clay Loam. 
Commerce Clay Loam has the ability to adsorb more £  coli than Tangi Silt Loam 
and therefore a better soil for application or land disposal of animal waste. Soil with 
higher clay content can retain more £  coli than and the concentration of £  coli in 
runoff will not cause as much stream pollution as runoff from soil with low clay 
content. Soil with low clay content should be avoided as waste disposal site. 
Gromyko et al. (1986) studying £  coli adsorption by 8 serozem soils typical of 
Central Asia concluded that irrigation of fields containing less than 20% clay with 
bacterially polluted sewage is not recommended particularly in areas with high 
water table.
The higher tight adsorption o f £  coli in Tangi silt loam compared to loose 
adsorption could be due to the ionic interaction of washing with 0.85% NaCl 
resulting in more £  coli being adsorbed instead of being washed (Gannon et al., 
1991).
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Comparing tight adsorption results with the study of Weaver et al. (1978), 
for the same amount of clay, 35%, Commerce Clay Loam has significantly higher 
E  coli adsorption than San Angelo Sandy Clay Loam (Table F.2, Appendix F). This 
could be due to the different amount of 1:1 and/or 2:1 clay present in the two soils. 
The higher content of silt in Commerce Clay Loam may also have contributed to the 
higher adsorption. Minenkow (1929) reported that for a wide range of soil types 
sorption of Bacillus cereus var. mycoides and Serratia marcescens increased with 
increasing clay content, and to some extent increasing medium and fine silt. The 
other possible cause of the higher adsorption of E. coli on Commerce soil could be 
due to the different strain of bacteria used in the study, these studies used the wild 
strain of E  coli. As such there may be differences in flagella, or fimbriae and pili 
which could alter the overall surface characteristics, such as hydrophobicity and 
positive and negative charges that affect adhesion to mineral particles (Stenstrom 
and Kjelleberg, 1985).
Together with data from Weaver et al. (1978) (Table F.l, Appendix F), in 
spite of the differences in soil properties, a high correlation was found between E  
coli adsorption and clay content (p=0.004) (Figure 6.1). It may be expressed as
Ads = 50.5 In (clay) -  102.2 (6.1)
where Ads is adsorption in percent, and clay is clay content in percent. This relation 
has a coefficient of determination of 0.89 and is valid for clay content of 10-54%, 
pH 4.9 - 7.5. The distribution coefficients from these experiments are comparable 
with literature values, 5 to 2000 mL/g (Reddy et al., 1981) and 0.08 to 1000 mL/g 
(Weaver et al., 1978) depending on soil type. Assuming that adsorption follows that
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Figure 6.1-Relationship between percent £  coli adsorption and soil clay content 
based on combined data locally determined in the laboratory and that of Weaver et 
al. (1978).
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of Freundlich isotherm, correlation of distribution coefficient with clay content was 
significant (p=0.04) and the relationship maybe expressed as
kd = exp [3.9 In (Cy) -  11.3] (6.2)
where kd is the distribution coefficient in mL/g and Cy is in percent (Figure 6.2). 
This relation is valid for clay content of 10-54% and pH 4.9 - 7.5.
6.2 The ECOLI Model
The ECOLI model is calibrated and validated by using field scale data 
collected in summers (June-September) of 1996 and 1997 at Louisiana State 
University’s Southeast Research Station in Franklinton, Louisiana (Drapcho and 
Jackson, unpublished). GLEAMS-SWT hydrology and erosion model was used to 
generate the necessary hydrology and erosion input for the ECOLI model.
6.2.1 Data Source
A brief description of the study is included here. Nine field plots (2.4m by 
2. lm) were established on previously ungrazed pasture covered with Bermuda grass 
and the soil is Tangi Silt Loam 3-8% slope. Four of the plots were treated with fresh 
cow manure and four of the plots were not treated. Each treated plot was evenly 
spread with 260 grams of fresh cow manure. Four applications were carried out in 
1996 and two in 1997. Density of E. coli in the manure applied is as shown in Table 
6.5. A rainfall simulator was used to rain on the plots. Surface runoff produced were 
collected and analyzed for fecal coliform and E. coli. Three concentrations were 
collected during the course of runoff event. Fecal coliforms were analyzed using the 
membrane filtration technique according to Standard Methods for the Examination 
Water and Wastewater (APHA et al., 1995). E  coli were analyzed at the
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Figure 6.2-Relationship between distribution coefficient and soil clay content based 
on combined data locally determined in the laboratory and that of Weaver et al. 
(1978).
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Table 6.7 E. coli densities in manure that was applied to the plots
Date E. coli density 
(cells/kg)
6/5/96 1.35x10s
6/26/96 1.35xl09
7/18/96 2.40x109
8/16/96 l.35xl09
6/6/97 9.0x108
7/25/97 7.2xl08
Microbiology Laboratory, Department of Microbiology, Louisiana State University. 
The plots were rained on two to five times over a period of 16 to 37 days after each 
application of waste. Over the experimental periods, the plots were also exposed to 
natural rain. Results of the experiment are included in Appendix D.
The ECOLI model was interfaced with GLEAMS-SWT model. The 
hydrologic and erosion submodels of GLEAMS-SWT generated runoff, soil 
moisture, percolation and the erosion submodel generated the enrichment ratio and 
the sediment yield. The output of GLEAMS-SWT hydrologic and erosion model 
become input of ECOLI model.
The GLEAMS-SWT model was calibrated such that the average runoff 
produced was closest to the observed runoff when each plot was rained on by a 
rainfall simulator. Wherever possible, input parameters from the research site at 
Southeast Research Station were used. Sources of input parameters and sample
63
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
input files are given in Appendix C. Hydrologic and erosion variables such as 
rainfall amount, runoff amount, soil moisture, average daily soil surface 
temperature, and sediment yield are included in Appendix E. On average, 
GLEAMS-SWT’s prediction of runoff was 1.4 times that of observed runoff. As for 
sediment yield prediction performance of GLEAMS-SWT model, it was reported 
that the GLEAMS-SWT model underpredicted sediment yield by 65% (Reyes, 
1993).
6.2.2 Calibration
ECOLI model was calibrated using the observed E. coli concentration in 
surface runoff of the first manure application of 1997. Observed runoff were used 
for days that the plots were rained on by rainfall simulator. In between simulated 
rains, natural runoff was not measured but was predicted by the GLEAMS-SWT 
model. As far as possible, parameters were measured. However, there is one 
parameter, a, the release coefficient that can only be estimated from model 
calibration. Computer-based (automatic) method is used in the estimation of a . The 
procedure used in the parameter estimation is presented below.
An objective function, an equation that is used to compute a numerical 
measure of the difference between the model-simulated runoff concentration and the 
observed runoff concentration. The purpose of model calibration is to find those 
values of the model parameters that optimize the numerical value of the objective 
function (Sorooshian and Gupta, 1995). The objective function used is a form of the 
Weighted Least Squares function, with the weights alt set to 1.0, that is, the Simple 
Least Squares function expressed as
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n
F(a)= I  [log Ctobs - log Ct (a)]2 (6.3)
t=l
where Ct°bs is the observed runoff concentration o f £  coli at time t, Ct (a) is the 
model simulated value at time t, a  is the model parameter, and n is the number of 
data points to be matched. A plot of the objective function, F(a), versus a  is 
obtained and it is shown in Figure 6.3. The value of a  which minimizes the 
objective function is found to be 0.12. The parameter a, the release coefficient was 
set at 0.12 for model validation.
6.2.3 Validation
6.2.3.1 Results
The average concentrations of E. coli in surface runoff from each of the four 
treated plots in 1996 and 1997 were used to validate the ECOLI model. Figures 6.4 
and 6.5 show the observed and simulated E. coli concentrations in runoff for 1996 
and 1997 respectively. Data for observed and simulated runoff concentrations of E. 
coli are included in appendices D and G respectively. Following the first application 
of 1996 (Fig. 6.4), the concentrations of simulated E. coli for the second and third 
simulated rainfalls (one day and 5 days after first manure application) have similar 
trend compared with the observed but slightly lower than that observed. The
observed E. coli concentration of the second simulated rainfall event (one day after
4  5 4first manure application) was around 10 *10 and that of simulated was about 10 .
Following the fourth application of 1996 (August), the simulated concentrations for 
the first two simulated rainfalls (one and two days after fourth manure application)
65
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
F(
Al
ph
a)
25 A
20 A
0.90.80.70.60.50.40.30.20.10
Alpha
Figure 6.3-Objective function F(alpha) versus alpha (a).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lo
g(
Co
nc
en
tra
tio
n)
 (
ce
lls
/1 
OO
mL
)
6 ■
□ Observed FC
♦ Observed EC
■ ^“ Simulated EC
A Natural Rain
O Manure Applied
9
q D
8
$
0 '
a
a
I
I
i f  r
Time (Date)
Figure 6.4- Simulated £ . coli, observed E. coli (EC), and observed fecal coliforms 
(FC) concentrations in surface runoff in 1996.
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are more than one order of magnitude lower than the observed runoff £  coli 
concentrations. However, both simulated and observed runoff concentration 
decreased to zero 29 days after fourth manure application. Comparing observed £  
coli concentration one day after first manure application with that of fourth manure 
application, for the first application, observed £  coli concentration was 10s whereas 
for the fourth application, there was an order of magnitude increase to 106.
However, no such increase is found in simulated concentrations. Comparing 
between the four manure applications simulated concentration trends of 1996, the 
trends of decrease in simulated concentrations are similar except for the second 
manure application. The second manure application simulated result shows a steeper 
slope indicating higher loss rate compared with that of the other three manure 
applications.
Following the first application of 1997 (Fig. 6.S), simulated runoff 
£  coli concentrations of the second and third simulated rainfalls (9 and 16 days 
after first manure application of 1997) fell within the observed concentrations of the 
four plots. However, the simulated concentrations decreased to zero much earlier 
than the observed. For the second application of 1997 (Fig. 6.5), none of the 
simulated concentrations lie within the range of observed concentrations on the 
three simulated rainfall days. Again, the simulated £  coli concentrations decreased 
to zero much earlier than the observed. On all the three simulated rainfall days 
following the second manure applications (1, 8, and 37 days after second manure 
applications) of 1997, the simulated £  coli concentrations are lower than the
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Figure 6.5-Simulated K  coli (EC), observed E. coli, and observed fecal coliforms 
(FC) concentrations in surface runoff in 1997.
69
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
observed concentrations. One day after second manure application of 1997, the 
simulated concentration is about one order of magnitude lower than the observed. 
Comparing the trend of decrease in simulated concentrations of the first with the 
second application of 1997, the decrease in concentrations is more gradual initially 
for the first than for the second manure application.
For the first manure application of 1996, Figure 6.6 shows a plot of the 
simulated concentrations versus observed concentrations. The coefficient of 
determination is 0.86 (p=0.07). The slope is 0.71 and it is not significantly different 
from the perfect 1.0 (p=0.29). The intercept is 0.85 and it is also not significantly 
different from zero (p=0.46).
For the fourth manure application of 1996, Figure 6.7 shows a plot of the 
simulated concentrations versus observed concentrations. The coefficient of 
determination is 0.997 (p=0.0001). The slope is 0.71 and it is significantly different 
from the perfect 1.0 (p=0.001). The intercept is -0.05 and it is not significantly 
different from zero (p=0.70).
For the first manure application of 1997, Figure 6.8 shows a plot of the 
simulated concentrations versus observed concentrations. The correlation of 
observed and simulated concentrations are poor with the coefficient of 
determination is 0.58 (p=0.01). However, the slope is 1.07 and it is not significantly 
different from the perfect 1.0 (p=0.84) and the intercept is -0.84 and it is also not 
significantly different from zero (p=0.35).
For the second manure application of 1997, Figure 6.9 shows a plot of the 
simulated concentrations versus observed concentrations. The correlation is better
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Figure 6.6-Simulated versus observed E. coli concentrations following the first 
application of 1996.
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application of 1997.
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
than the first manure application with the coefficient of determination of 0.88. 
However, the slope is l.S and it is significantly different from the perfect 1.0 
(p=0.02) and the intercept is -3.8 and it is also significantly different from zero 
(p=0.0007).
Figure 6.10 shows a plot of the simulated versus observed E. coli 
concentrations in surface runoff for both years. The trend line has a slope of 1.06 
and a coefficient of determination of 0.72. The slope is not significantly different 
from the perfect 1.0 (p=0.62) but the intercept o f-1.5 is significantly different from 
0 (p=0.003) signifying that the simulated concentrations are lower than the 
observed concentrations.
The observed fecal coliforms concentrations are included in figures 6.4 and 
6.5. The simulated concentration trend fit the£L coli observed values better than the 
fecal coliform decay trend. Comparing simulated concentrations with the observed 
concentrations of the first simulated rainfall event of the four application of 1996, 
the difference between the simulated concentrations and the observed 
concentrations increases as the manure application progresses from the first to the 
fourth. The first observed fecal coliforms concentrations increased from 10 for the 
first manure application to 10s for the second manure application and then to 106 for 
the third and fourth manure applications. However, the first simulated 
concentrations remain around 104 for all the four manure applications.
The slope of observed fecal coliform concentrations decreases as manure 
application progressed from the first to the fourth. After 19 days of first manure 
application, the observed fecal coliforms concentrations were around 103. However,
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Figure 6.10-Simulated versus observed £  coli concentrations in surface runoff for 
1996 and 1997.
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28 days after fourth manure application, observed fecal coliform concentrations 
were around 10s. No such increase is observed for the simulated concentrations. The 
slope of the simulated concentrations of the four applications of 1996 remained 
relatively constant compared with that of observed fecal coliform concentrations.
As for the applications of 1997 (Fig. 6.5), following each manure 
application, the simulated concentrations are lower than the observed fecal coliform 
concentrations with the differences increasing with time. Following each manure 
application, the simulated concentration decreased to zero in about 20 days whereas 
the observed fecal coliforms concentrations decreased to about 103 after 37 days.
The observed fecal coliforms concentrations of the first manure application 
decreased rapidly initially, about 2 orders of magnitude in 7 days, and then slowly 
indicated by the slope whereas the opposite is observed for the second manure 
application. For the second manure application, there was hardly any decrease in 
concentrations in the first week following manure application. However, the 
simulated trend for the two manure applications of 1997 are relatively similar, a 
slight difference in slope initially.
6.2.3.2 Discussion
The overall lower simulated E. coli concentrations in runoff could be due to 
the continued growth of &  coli in the manure after being deposited. This resulted in 
higher density of E. coli in the manure before the manure was rained on initially. 
Generally, no regrowth of E. coli was assumed to occur in the soil due to the fact 
that K  coli is not able to step down its metabolic rate to meet the low availability of 
usable organic carbon in soil (Klein and Casida, 1967). However, before rainfall
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occurs, E. coli still has the nutrient and moisture supply from the manure. Until the 
nutrient supply in the manure is exhausted or the manure is desiccated, E. coli 
should be able to grow after defecation. Thelin and Gifford (1983) studying the 
release of fecal coliforms from cow piles in summer season found that the 
concentration released from rain increases up to the third day and the release 
concentration was more than four times that of fresh manure. Similar observation 
were made by McCoy and Crabtree (1970) where E. coli was shown to grow 
temporarily in heavily manured moist soil just below the surface manure crust. The 
environmental condition in the summer when the experiment was carried out, 
especially the soil surface temperature was 27 -  30°C, which is close to the body 
temperature of the animal from which E. coli was derived, was suitable for its 
continued growth. More studies need to be done to quantify the continued growth 
rate of K  coli in defecated manure as a function of environmental conditions.
The greater difference between observed and simulated concentrations 
following reapplication of manure both in 1996 and 1997 could be due to regrowth 
of E. coli when nutrient is replenished by reapplied manure. Another possible reason 
could be due to the soil environment affecting the initial continued growth and 
decay of E  coli. The earlier manure application could have given the E. coli in later 
applications competitive advantage over the first batch o f £  coli. Dazzo et al.
(1973) studied the decay of fecal coliforms on Scranton Fine Sand reported that 
fecal coliforms had a higher death rate in soil samples that had not previously 
received cow manure slurry than soil samples that had previously received cow 
manure slurry. This phenomenon requires further investigation.
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The higher decay rate of simulated concentrations compared with observed 
concentrations that resulted in £  coli concentration decreasing to zero earlier in 
simulated case than that in observed could be due to a few factors. Other than 
£  coli regrowth cited earlier, it is possible that the decay of £  coli in the soil is 
lower than the decay of E. coli in aqueous condition in the absence of soil. The 
ECOLI model used the decay rate in aqueous condition. Studies showed that clay 
could stimulate respiration of bacteria through pH maintenance of the environment 
for sustained growth (Stotzky, 19661). Sherer et al. (1992) studied fecal coliforms 
survival in stream sediment reported that decay rate of fecal coliforms in the 
absence of sediment was significantly higher than that in the presence of sediment. 
Howell et al. (1996) studied the effect of sediment particle size on fecal coliforms 
reported that fecal coliforms decay rates were significantly less in clay sized 
sediment than in coarser sediment or physiological saline. The presence of particles 
of soil could have provided surface fo r£  coli to attach and grow. Besides, soil 
could provide protection from predation. Roper and Marshall (1977) reported that 
fine clay protected £  coli from phage attack. More studies need to be conducted to 
see the impact of soil in £  coli decay subject to different environmental conditions 
such as moisture and temperature. Another factor could be the hydrology. The 
GLEAMS-SWT generated runoff is 1.4 times that of observed for days when 
rainfall simulator were used. So, on natural rain days, it is possible that the 
simulated loss in the rain is more than actual loss in the rain.
The steeper slope of the simulated runoff concentrations following the 
second manure application compared with that of the other three applications of
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1996 could be due to the effect of temperature. Temperature was found to range 
from 28-32°C during that period. So the decay rate simulated is much higher than 
other periods of time. The first manure application simulated 
E. coli concentrations of 1997 decreased more gradually initially than the second 
manure application concentrations most likely due to the impact of soil temperature. 
For the first S days after the first manure application the temperature was around 
25-26°C. But for the first 7 days after second application of 1997, the temperature 
was 30-31°C. This difference resulted in different decay rates of the two time 
periods.
As for the low decay rate of fecal coliforms, this could be due to regrowth of 
soil indigenous coliforms such as Klebsiella (Elmund et al., 1999) that gives false 
positive in the fecal coliform test. The ECOLI model can be used in simulating fecal 
coliforms concentrations if enumerating method that exclude false counts is 
implemented.
6.2.4 Sensitivity Analysis
For sensitivity analysis, the method follows that of Lane and Ferreira (1980) 
where a base value for a parameter is selected and the parameter value is varied 
about the selected base value. The output is examined for deviation from the base 
output values. A predetermined criterion is used to decide if the model is sensitive 
to a particular parameter. The criterion used by Lane and Ferreira to determine the 
degree of sensitivity when a parameter is changed 50% about the selected base 
value is based on the corresponding change in output (surface runoff volume) such 
that less than 10% change is considered slightly sensitive, 10 -  50% change is
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considered as moderately sensitive and more than 50% change is considered 
sensitive. For the ECOLI model, a different criterion is used. When a parameter is 
changed about the selected base value, a corresponding change of less than 0.3 of 
log concentration is considered insensitive, a change of 0.3 -  0.5 is considered 
moderately sensitive and a change of greater than 0.5 log concentration is 
considered sensitive.
To test the sensitivity of base decay coefficient, release coefficient, £  coli 
density in manure, and the distribution coefficient of £  coli in soil-water system, a 
base value is selected and each parameter was changed 50% about the base value. 
Sensitivity analysis results show that the ECOLI model is sensitive to the base 
decay coefficient (Fig. 6.11), moderately sensitive to the release coefficient alpha 
(a) (Fig. 6.12), moderately sensitive to £  coli density in the manure (Fig. 6.13), and 
not sensitive to the distribution coefficient o f £  coli in the soil-water system (Fig. 
6.14). As for the sensitivity of the ECOLI model to temperature, the model is tested 
when the temperature is changed 3 °C about the base temperature. The result of the 
change is shown in Figure 6.15. The impact of temperature was significant and the 
change increased with time. The sensitivity of the model to change in pH is 
evaluated by changing the pH one unit about the base value of 6.3. The result is 
shown in Figure 6.16. It was found that there was no change in £  coli 
concentrations for the change in pH. As for the sensitivity of the model to moisture 
content, moisture content is change 10% about the base value and it was found that 
there was insignificant change in runoff £  coli concentrations (Fig. 6.17).
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Figure 6.11-Sensitivity of the ECOLI model to base decay coefficient (baseb).
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Figure 6.13-Sensitivity o f the ECOLI model to E. coli density in the manure 
(ecden).
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Figure 6.14-Sensitivity of the ECOLI model to the distribution coefficient in the 
soil-water system (dco).
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Figure 6.16-Sensitivity of the ECOLI model to pH.
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6.2.5 A Simulation with Commerce Clay Loam
A simulation is performed with Commerce Clay Loam (35% clay) replacing 
Tangi Silt Loam (14% clay) as the soil type and hydrologic and erosion data of 
1997. The result of the simulation is shown in Figure 6.18. It was found that initial 
concentration of £  coli in the runoff from Commerce Clay Loam is about one order 
of magnitude less than that of Tangi Silt Loam for both manure applications. For the 
first manure application of 1997, the difference between Tangi Silt Loam runoff 
E. coli concentrations and Commerce Clay Loam runoff E. coli concentrations 
decreased with time. However, for the second manure application, the difference in 
E. coli concentrations from the two soils remained relatively constant with time. The 
lower initial runoff E. coli concentrations from Commerce Clay Loam are not 
surprising. This is due to the higher adsorption of £  coli in higher clay content soil 
that resulted in lower concentration o f£  coli in the water phase during rainfall 
events. For the first application of 1997, the difference in concentrations between 
Commerce Clay Loam and Tangi Silt Loam decreases with time because rains 
caused £  coli to be released from the soil and subsequently be washed away. Since 
sediment yield is very minimal in established pasture, there is little contribution of 
£  coli from eroded soil. As for the second manure application period, the difference 
in concentrations o f£  coli concentrations for the two soils is almost constant due to 
much fewer rainfall events occurring resulting in little washing off o f £  coli. So the 
decrease is predominantly due to die-off and in the model which is assumed to be 
the same in both soils.
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Figure 6.18-Simulated £  coli concentrations in runofF from Tangi Silt (TS) Loam 
and Commerce Clay (CC) Loam soils using 1997 hydrologic and erosion data.
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 7 
SUMMARY AND CONCLUSIONS 
7.1 Summary
7.1.1 £  coli Adsorption Experiments
Two experiments were conducted to investigate loose adsorption and tight 
adsorption of £  coli on two soils with different clay content. For loose adsorption, 
Tangi Silt Loam and Commerce Clay Loam were found to adsorb 24.5% and 99.1% 
of & coli added respectively. For tight adsorption, Tangi Silt Loam and Commerce 
Clay Loam were found to adsorb 38.1% and 96.1% of E. coli added respectively. 
For both loose and tight adsorption, Commerce Clay Loam adsorbed m ore£  coli 
added than Tangi Silt Loam. Assuming that adsorption follows that of Freundlich 
isotherm, the distribution coefficient of£. coli on Tangi Silt Loam and Commerce 
Clay Loam were found to be 0.33 and 127 mL/g respectively for loose adsorption 
and 0.62 and 25.0 mL/g respectively for tight adsorption. Combining the data of 
adsorption obtained locally in the laboratory and that by Weaver et al. (1978), a 
significant correlation was found between distribution coefficient and clay content 
(p=0.04) and the relationship maybe expressed as
kd = exp [3.9 In (clay) -  11.3) (7.1)
This relationship has a coefficient of determination of 0.67. A high correlation was 
found between E  coli adsorption and clay content (p=0.004) with a coefficient of 
determination of 0.89, and it may be expressed as
Ads = 50.5 In (clay) -  102.2 (7.2)
These relationships may be used in modeling purposes.
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7.1.2 ECOLI Model
A biological model, ECOLI, is developed that is capable of simulate £  coli 
concentration in surface runoff of agricultural land applied with animal waste. £  
coli concentration is assumed to be dependent upon the amount of waste applied, £  
coli density on the waste applied and on the land, the amount of rainfall, distribution 
coefficient of £  coli in the soil-water system, and £  coli decay coefficient which in 
turn is a function of soil surface temperature, soil pH and soil moisture content. £  
coli decay is assumed to be first order. The model was validated with data from 
field-scale studies. Regression of simulated £  coli concentration versus observed £  
coli concentration has a slope of 1.06 and a coefficient of determination of 0.72. The 
slope of the regression line is not significantly different from 1.0 (p=0.6) but the 
intercept is significantly different from 0.0 (p=0.003). The model shows better fit 
for runoff concentration following the first application o f waste rather than that 
following reapplication of waste even though the trend of decrease over time was 
found to be similar. Underestimation of £  coli concentration in runoff is attributed 
to factors such as continued growth of £  coli in manure after defecation, the 
competitive advantage o f £  coli in reapplied waste over the first applied waste, 
impact of using decay rate of E. coli in aqueous condition, and overestimation of 
runoff by GLEAMS-SWT model on natural rainfall days. Research is needed to 
quantify the rate of continued growth o f £  coli after defecation as a function of 
environmental conditions and the effect of repeated application o n £  coli density. 
The ECOLI model was shown not to be suitable for estimating fecal coliforms
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concentration in runoff due to regrowth of other bacteria that give false positive 
result in fecal coliforms test.
7.2 Conclusions
7.2.1 E. coli Adsorption Experiments
Soil with higher clay content has higher capacity for adsorbing E. coli. This 
has great implications in terms of the choice of land and/or the loading for land 
treatment of waste or land application of animal waste for disposal or as fertilizers. 
Two relationships has been developed, relationships between
1) E. coli adsorption and clay content, and
2) E. coli distribution coefficient in soil-water system and clay content of 
soil.
7.2.2 ECOLI Model
The ECOLI is capable of simulating E. coli concentration in surface runoff 
of agricultural land applied with animal waste. The model has been validated and is 
found to be best used in estimating E. coli concentration in runoff from agricultural 
land following the first application of waste. This model establish a foundation to be 
built on, that is, this model can be expanded to include waste handling prior to land 
application and also management practices such as vegetative filter strips in 
reducing runoff concentration.
7.3 Recommendations for Future Research
Future research is needed to enhance the capability of the ECOLI model, 
especially for it to be used to estimate the E. coli concentration more accurately 
following reapplied waste. The most urgent needs are:
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1) Quantitative studies on the effect of previously applied manure on the initial 
E. coli density and on the decay coefficient,
2) Quantitative studies on continued growth of E. coli in fresh waste as a 
function of environmental conditions.
3) Decay rate of£. coli in the soil compared with that in the manure and in 
aqueous system subject to different environmental conditions.
The ECOLI model can be expanded to include waste handling prior to land 
application and also management practices such as vegetative filter strips in 
reducing runoff concentration. For the ECOLI model to be extended to predict fecal 
coliform concentrations, research has to be done to quantify the regrowth rate of 
non-fecal coliforms indigenous in the soil or other methods of enumeration of fecal 
coliform that exclude false positive counts.
To refine the ECOLI model, the following areas need investigation
1) Decay rate of E. coli in field condition.
2) Percolation loss during rainfall event.
3) Effect of rainfall intensity on E. coli release rate.
4) Effect of runoff rate on concentration of E. coli.
5) Concentration of runoff E. coli versus concentration of percolated E. coli.
6) Interactive versus non-interactive model for decay coefficient adjustment.
7) More adsorption studies of E. coli on different soils to investigate the 
distribution coefficient of E. coli in the soil-water system.
8) Drainable porosity versus water table depth relationship for the study site.
9) Upward flux versus water table relationship for the research site.
94
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
REFERENCES
APHA, AWWA, and WPCF. 19th Ed. 1995. Standard Methods fo r the Examination 
o f Water and Wastewater. American Public Health Association.
Burge, W. D. and N. K. Enkiri. 1978. Virus adsorption by five soils. J. Environ. 
Qual. 7:73-76.
Boyd, J. W., T. Yoshida, L. E. Vereen, R. L. Cada, and S. M. Morrison. 1969. 
Bacterial response to the soil environment. Sanitary Eng. Papers. No. 5, 
Colorado State Univ. p.22.
Chaubey, I., D. R. Edwards, T. C. Daniel, P. A. Moore Jr., and D. J. Nichols. 1994. 
Effectiveness of vegetative filter strips in retaining surface-applied swine 
manure constituents. Transactions o f the ASAE 37(3):845-850.
Chick, H. 1908. Investigation of the laws of disinfection. J. Hyg. 8:655.
Crane, S. R. and J. A. Moore. 1986. Modeling enteric bacterial die-off: A review. 
Water, Air, and Soil Pollution 27:411-439.
Dazzo, F., P. Smith, and D. Hubbell. 1973. The influence of manure slurry irrigation 
on the survival of fecal organisms in Scranton Fine Sand. J. Environ. Qual. 
2:470-473.
Drapcho, C. M. and J. Beatty. 1995. Effectiveness of no-discharge anaerobic
lagoons for dairy waste treatment. Proceedings: Conference on Environmental 
Issues, eds. H. M. Selim and W. H. Brown. Agricultural Center, Louisiana 
State University, Baton Rouge, LA.
Drapcho C. M. and K. Jackson. Fecal coliform decay and movement on grazed and 
nongrazed dairy pasture. Unpublished. Biological and Agricultural 
Engineering Dept., Louisiana State Univ., Baton Rouge, LA.
Edwards D. R., M. S. Coyne, T. C. Daniel, P. F. Vendrell, J. F. Murdoch, P. Moore 
Jr. 1997. Indicator bacteria concentrations of two Arkansas streams in relation 
to flow and season. Transactions o f the ASAE 40(1):103-109.
Elmund, G. K., M. J. Allen, and E. W. Rice. 1999. Comparison of Escherichia coli, 
total coliform, and fecal coliform populations as indicators of wastewater 
treatment efficiency. Wat. Environ. Res. 71:332-339.
Flint, K. P. 1987. The long term survival o f Escherichia coli in river water. J. Appl. 
Bacterial. 63:261-270.
95
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Foster, G. R., L.J. Lane, J. D. Nowlin, J. M. Laflen, and R. A. Young. 1980. A 
model to estimate sediment yield from field-sized areasrdevelopment of 
model. In: CREAMS: A Field-scale Model for Chemical, Runoff, and Erosion 
from Agricultural Management System, ed. W. G. Knisel. United States 
Department of Agriculture, Science and Education Administration, 
Conservation Research Report No. 26.
Gannon, J., Y. Tan, P. Baveye, and M. Alexander. 1991. Effect of sodium chloride 
on transport of bacteria in a saturated aquifer material. Appl. Environ. 
Microbiol. 57:2497-2501.
Gee, G. W., and J. W. Bauder. 1986. Particle-size analysis. In Methods o f Soil 
Analysis Part I-Physical andMineralogical Methods, ed. A. Klute, 383-412. 
SSSA, Madison, Wisconsin.
Gerba, D., C. Wallis, and J. Mellnick. 1975. Fate of wastewater bacteria and viruses 
in soil. J. Irrigation and Drainage Div. ASCE. 101:157-174.
Gromyko, K. V., O. V. Guz, and M. N. Nazirov. 1986. Significance of soil
adsorption in dynamics of bacterial contamination of irrigated land. Gigienai 
Sanitariya 3:70-71.
Hattori, T. 1970. Adhesion between cells of£. coli and clay. J. Gen. Appl. 
Microbiol. 16:351-359
Howell, J. M., M. S. Coyne, and P. L. Cornelius. 1996. Effect of sediment particle 
size and temperature on fecal bacteria mortality rates and the fecal 
coliform/fecal streptococci ratio. J. Environ. Qual. 25:1216-1220.
Janzen, J. J., A. B. Bodine, and L. J. Luszcz. 1974. A survey of effects o f animal 
wastes on stream pollution from selected dairy farms. J. Dairy Science 
57(2)260-263.
Jewett, D. G., T. A. Hilbert, B. E. Logan, R. G. Arnold, and R. C. Bales. 1995. 
Bacterial transport in laboratory columns and filters: influence of ionic 
strength and pH on collision efficiency. Wat. Res. 29:1673-1680.
Klein, D. A. and L. E. Casida, Jr. 1967. Escherichia coli die-out from normal soil as 
related to nutrient availability and the indigenous microflora. Canadian 
Journal o f Microbiology 13:1461-1470.
Knisel, W. G. (ed.). 1993. GLEAMS: Groundwater Loading Effects o f Agricultural 
Management Systems (version 2.10). University of Georgia, USDA-ARS, 
UGA-CPES-BAED Publication No. 5.
96
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Knisel, W. G. (ed.). 1980. CREAMS: A Field-scale Model for Chemical, Runoff, and 
Erosion from Agricultural Management Systems. United States Department of 
Agriculture, Science and Education Administration, Conservation Research 
Report No. 26.
Kress, M. and G. F. Gifford. 1984. Fecal coliform release from cattle fecal deposits. 
Wat. Resources Bulletin. Am. Wat. Res. Association. 20(l):61-66.
Kunkle, S. H. 1970. Concentrations and cycles of bacterial indicators in farm 
surface runoff. In Relationship o f Agriculture to Soil and Water Pollution. 
Cornell Univ. Conf. On Agricultural Waste Management. Jan. 19-21. Cornell 
Univ., Ithaca, NY. pp.49-60.
Kunkle, S. H. 1979. Using bacteria to monitor the influences of cattle wastes on 
water quality. USDA, SEA, ARR-NE-3.
Lane, L. J. and V. A. Ferreira. 1980. Sensitivity analysis. In CREAMS: A Field-scale 
Model for Chemical, Runoff, and Erosion from Agricultural Management 
Systems, ed. W. G. Knisel, 113-158. United States Department of Agriculture, 
Science and Education Administration, Conservation Research Report No. 26.
Leonard, R  A., G. W. Langdale, and W. G. Fleming. 1979. Herbicide runoff from 
upland Piedmont Watersheds-data and implications for modeling pesticide 
transport J. Environ. Qual. 8(2):223-229.
Leonard, R  A, W. G. Knisel, and D. A. Still. 1987. GLEAMS: Groundwater loading 
effects of agricultural management systems. Transactions o f die ASAE 
30(5):1403-1418.
Leonard, R  A. and R  D. Wauchope. 1980. Pesticide submodel. In CREAMS: A field- 
Scale Modelfor Chemical, Runoff, and Erosion from Agricultural Management 
Systems, ed. W. G. Knisel, 88-112. United States Department of Agriculture, 
Science and Education Administration, Conservation Research Report No. 26.
Louisiana Department of Environmental Quality, 1993. State of Louisiana nonpoint 
source pollution assessment report, Office of Water resources, Vol. 6, Part A
Louisiana Department of Environmental Quality. 1994. Environmental Protection 
Agency national water quality report no.305 (b). Office of Water Resources. 
Baton Rouge.
Marshall, K. C. 1971. Sorptive interactions between soil particles and
microorganisms, p. 409-445. In Soil Biochemistry, ed. A. D. McLaren and J. 
Skujins. Marcel Dekker, Inc., New York.
97
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Marshall, K. C. 1980. Adsorption of microorganisms to soils and sediments. In 
Adsorption o f Microorganisms to Surfaces, eds. B. Bitton and C. Marshall. 
John Wiley and Sons. New York.
Matthess, G., A  Pekdeger, and J. Schroeter. 1988. Persistence and transport of 
bacteria and viruses in groundwater-a conceptual evaluation. J. Contam. Hyd 
2:171-188.
McCaskey, T. A., G. H. Rollins, and J. A  Little. 1971. Water quality of runoff from 
grassland applied with liquid, semi-liquid and dry dairy waste. In: Livestock 
Waste Management and Pollution Abatement. Procedures of the second 
International Symposium on livestock wastes, April 19-22. American Society 
of Agricultural Engineers Publication PROC-271. St. Joseph, MI. pp. 239-242.
McCoy, E., and K. Crabtree. 1970. Pollution potential of manure bacteria. In A 
Study o f Farm Wastes; Mineralization, Handling, Utilization. Univ.of 
Wisconsin, Madison, Wis. U. S. Dep. Commerce. Publ. No. 193. 708:116-129.
McElroy, A. D., S. Y. Chiu, J. W. Nebgen, A Aleti, and F. W. Bennett. 1976. 
Loading functions for assessment of water pollution from nonpoint sources. 
EPA publication EPA/600/2-76-515, May 1976. Su. Doc. No. EP1.23/2:600/2- 
76-151. USEPA, Washington, D. C..
McFeters, G. A., and D. G. Stuart 1972. Survival of coliform bacteria in natural waters. 
Field and laboratory studies with membrane filter chambers. App. Microbiol. 
24:805-811.
Miller, J. H. 1972. Experiments in Molecular Genetics. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New York 11724.
Minenkow, A. R. 1929. Zentr. Bakteriol. Parasitenk., Abt. H, 78, 109; as quoted by 
Marshall, 1971.
Moore, J. A., J. D. Smyth, E. S. Baker, J. R. Miner, and D. C. Moffitt. 1989.
Modeling bacteria movement in livestock manure systems. Transactions o f the 
ASAE 32(3):1049-1053.
Niemi, R. M. and J. S. Niemi. 1991. Bacterial pollution of waters in Pristine and 
Agricultural lands. J. Environ. Qual. 20:620-627.
Overcash, M. R., K. R. Reddy, and R. Khaleel. 1983. Chemical processes and 
transport of animal waste pollutants. In Agricultural Management and Water 
Quality, eds. F. W. Schaller and G. W. Bailey. Iowa State University Press, 
Ames.
98
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Pell, A, N. 1997. Manure and microbes: Public and animal health problem? J. Dairy 
Sci. 80:2673-2681.
Reddy, K. R., R. Khaleel, and M. R. Overcash. 1981. Behavior and transport of 
microbial pathogens and indicator organisms in soils treated with organic 
wastes. J. Environ. Qual. 10(3):255-266.
Reyes, M. R. 1993. Modification of the GLEAMS model to incorporate water table 
and subsurface drainage. Ph.D. diss., Biological and Agricultural Engineering 
Dept., Louisiana State Univ., Baton Rouge.
Reyes, M. R., R. L. Bengtson, J. L. Fouss, and J. S. Rogers. 1993. GLEAMS 
hydrology submodel modified for shallow water table conditions. 
Transactions o f the ASAE 36(6):1771-1778.
Reyes, M. R., R. L. Bengtson, J. L. Fouss. 1994. GLEAMS-WT hydrology
submodel modified to include subsurface drainage. Transactions o f the ASAE 
37(4): 1115-1120.
Robbins, J. W., G. J. Kriz, and D. H. Howells. 1971. Quality of effluent from farm 
animal production sites. In Livestock Waste Management and Pollution 
Abatement, 166-169. Procedures of the second International Symposium on 
livestock wastes, April 19-22. American Society of Agricultural Engineers 
Publication PROC-271. St. Joseph, MI.
Roper, M. M. and K. C. Marshall. 1978. Effect of clay particle size on clay-
Escherichiaco//-bacteriophage interactions./. Gen.Microbiol. 106:187-189.
Schillinger, J. E. and J. J. Gannon. 1985. Bacterial adsorption and suspended 
particles in stormwater. J. Water Pollut. Control Fed. 57(5):384-389.
Scott, D. M  and C. M  Drapcho. Determination of fecal coliform decay coefficient in 
dairy waste. Unpublished. Biological and Agricultural Engineering Department, 
Louisiana State Univ., Baton Rouge, LA.
Sherer, B. M., J. R. Miner, J. A. Moore, and J. C. Buckhouse. 1992. Indicator 
bacterial survival in stream sediments. J. Environ. Qual. 21(4):591-595.
Sim, J. T. 1995. Characteristics of animal wastes and waste-amended soils: an 
overview of the agricultural and environmental issues, la Animal Waste and 
the Land-water Interface, ed. K. Steele, 1-13. CRC-Lewis Publishers, Boca 
Raton.
Skaggs, R. W. 1980. DRAINMOD reference report. Methods for design and 
evaluation of drainage-water management systems for soils with high water
99
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
tables. USDA-SCS, South National Technical Training Center, Fort Worth, 
TX. 330 p.
Sorooshian, S. and V. K. Gupta. 1996. Model calibration. In Computer Models o f 
Watershed Hydrology, ed. V. P. Singh, 353-364. Water Resour. Publ., 
Littleton, Colo.
Springer, E. P., G. F. Gifford, M. P. Windham, R. Thelin, and M. Kress. 1983. Fecal 
coliform release studies and development of a preliminary non-point source 
transport model for indicator bacteria. Utah Water Research Laboratory, Utah 
State Univ., Logan.
Stotzky, G. 19661. Influence of clay minerals on microorganisms-II. Effect of 
various clay species, homoionic clays, and other particles on bacteria. 
Canadian Journal o f Microbiology 12:831-848.
Stotzky, G. 19662. Influence of clay minerals on microorganisms-DI. Effect of
particle size, cation exchange capacity, and surface area on bacteria. Canadian 
Journal o f Microbiology 12:1235-1246.
Stotzky, G. 1985. Mechanisms of adhesion to clays, with reference to soil systems. 
In Bacterial Adhesion: Mechanisms and Physiological Significance, eds. D. C. 
Savage and M. H. Fletcher, 195-253. Plenum Publishing Corp., New York.
Strenstrom, T. A. and S. Kjelleberg. 1985. Fimbriae mediated non specific adhesion 
of Salmonella typhimurium to mineral particles. Arch. Microbiol. 143:6-10.
Strenstrom, T. A. 1989. Bacterial hydrophobicity, an overall parameter for the
measurement of adhesion potential to soil particles. Appl. Environ. Microbiol. 
55:142-147.
Thelin, R. and G. F. Gifford. 1983. Fecal coliform release patterns from fecal 
material o f cattle. J. Environ. Qual. 12(l):57-63.
Thomas C. J., T. A. McMeekin, and C. Balis. 1977. Retention of bacteria in liquid 
films at agar surfaces. App. andEnv. Microbiol. 34(4):456-457.
United States Environmental Protection Agency. 1976. Fecal coliform bacteria. In 
USEPA, Quality Criteria for water, 42-50, Washington, D.C.
United States Environmental Protection Agency. 1986. Ambient water quality 
criteria for bacteria-1986. EPA-440/5-84-002, Cincinnati, Ohio.
USDA-NRCS (United States Department of Agriculture - Natural Resources 
Conservation Service). 1990. Soil Survey of Washington Parish, Louisiana.
100
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Van Donsel, D. J., E. E. Gieldreich, and N. A. Clarke. 1967. Seasonal variations in 
survival of indicator bacteria in soil and their contribution to storm water 
pollution. Appl. Environ. Microbiol. 15:1361-1370.
Vilker, V. L. 1981 Simulating virus movement in soils. In Modeling Wastewater 
Renovation-Land Treatment, ed. I. K. Iskandar. John Wiley & Sons, Inc.
Walker, S. E., S. Mostaghimi, T. A. Dillaha, and F. E. Woeste. 1990. Modeling 
animal waste management practices: Impacts on bacteria levels in runoff from 
agricultural lands. Transactions o f ASAE 33(3):807-817.
Weaver, R. W., N. O. Dronen, B. G. Foster, F. C. Heck, and R. C. Fehrmann. 1978. 
Sewage disposal on agricultural soils: chemical and microbiological 
implications, Vol.U-Microbiological Implications. USEPA, Ada, Oklahoma.
Wischmeier, W. H. and D. D. Smith. 1978. Predicting rainfall erosion losses-a guide 
to conservation planning. U. S. Department of Agriculture, Agriculture 
Handbook No. 537. Science and Education Administration, Washington, D. C. 
20250.
Yates M. V. and S. R. Yates. 1991. Modeling microbial transport in the subsurface. 
A mathematical discussion. In Modeling the Environmental Fate o f 
Microorganisms, ed. C. J. Hurst. American Society for Microbiology. 
Washington, D.C.
101
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX A 
ECOLI MODEL SOURCE CODE
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c
c ECOLI-Modeling E. coli concentration in surface runoff
c
c
c Written by Teckyee Ling 
c Louisiana State University, Baton Rouge 
c
c List of symbols used: 
c
c abst= abstraction, cm 
c alpha=extraction coefficient, g/cubic cm 
c awaste=applied waste, kg/ha
c cnav=£'. coli concentration available for loss within a storm, cell/g of soil 
c avc=overall concentration in the first layer available for runofT, 
c cells per gram of solid(dry soil)
c baseb=base decay rate constant, per day(at pH7,20C,saturation) 
c bd=soil bulk density of surface layer, sq cm 
c to the concentration that runs off
c clay=clay in the soil (%)
c cnav=concentration of E. coli available for washofif within a storm 
c cells/cubic cm of soil
c cumioss=potential loss for a rain day, cells/sqcm 
c cw=concentration of E  coli within a storm, for every delp of 
c precipitation, cells/sqcm
c dav=available density in surface layer for runoff, cells/sq. cm
c dcoef=distribution coefficient, mL/g
c dcoefNiser input value o f distribution coefficient, mL/g
c delp=increment in precipitation used to iterate concentration o f E  coli in water,cm
c ddcay=density loss due to decay, cell/sq.cm
c den=density on pasture at the end of a particular day, cells/sq cm
c denin=initial density on pasture, cells/ha
c dens=density available for washoff for every delpc o f precipitation
c cells/sqcm
c dper=density loss due to percolation, cells/sq cm 
c diun=density loss due to suspension in runoff, cells/sq cm 
c dsed=density loss due to sediment loss, cells/sqcm 
c ecden=£ coli density in waste, cell/kg of wet waste 
c inday=julian day of the beginning day of simulation, eg. 104 
c lday=julian day o f the last day o f simulation
c mdco=code for user choice of distribution coefficient o f E  coli in soil water system 
c a value o f 1 for user input value and 0 for using model estimate
c  nc=counter for the number o f days where no animal is on land o r no waste is applied 
c nday=total no. of days o f simulation 
c nsimu=simulation days 
c pcp=precipilation, cm 
c pddcay=proportion of decay loss 
c pdper=proportion of percolation loss 
c pdrun=proportion of lost in runofT water 
c pdsed=proportion of loss in sediment 
c perc=percolation from first to second layer,cm
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c pH=pHofsoil
c rainloss=total loss on rain day, cells/sq. cm 
c rdie= dieoff rate constant, per day 
c rsc=overall mnofT-sediment concentration, cells/mL 
c runofF= storm runofT amount, cm 
c sat=soil water saturation value,cm 
c sconc=sediment concentration, cell/g 
c soil=sediment yield*enrichment ratio, g/sq.cm 
c sw=soil water content of surface layer,cm 
c swin=initial soil water content,cm 
c tmp=average daily ambient temperature, C 
c ulimt=upper limit of proportion of E. coli in water 
c that leached through surface 1cm in percolated water 
c wconc=water concentration o f E  coli, cells/mL 
c 
c
c This program can be linked to a hydrology and erosion model to 
c produce the result needed, 
c
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
PARAMETER (m=366,n=40)
IMPLICIT real*8(a-h, o-z)
common/hydero/pqKm),runofr(m),soil(m),tmp(m),sw(m),perc(m),
1 stmp(m)
common/dencon/den(m),dav(m),avc(m),wconc(m),sconc(m),
1 drun(m),dper(m),dsed(m),pdrun(m),pdsed(m),pdper(m),
2 rsc(m),nsimu(m),awaste(m),dens(m,n),cnav(m,n),cw(m,n),
3 rainloss,cumloss,nc 
common/ecoli/rdie,add,lday,dcoef,delp,time,ndayr 
common/ecdata/baseb,ecden,dcoeff,mdco 
common/soildata/pH,bd,clay,sat 
common/input/alpha,nday,inday,inyr,denin,swin
open(65, FILE='ECOLI.IN') 
open(66, FTLE-ECOLI.OUT) 
open(19^UeE=lC:\hydero\pcpero.out') 
open(67,file=,ececho.out') 
call Readall
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c To initialize the variables & compute partition coefficient & pH factor 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
nc=0 
time=1.0 
delp=1.0
If(mdco.eq.l)Then
dcoef=dcoeff
else
dcoef=exp(3.9*log(clay)-l 1.3)
endif
lph=0.0377*pH**2.0-0.5l73*pH+1.80l9 
ulimt=exp(0.0021*clay*clay-0.242*clay+1.62) 
c Begin daily loop
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Do i=I,ndayr
Read(l9,*)iday,pcp(i),runoff(i),soil(i),sw(i),perc(i)
If (i.lLinday.or.i.gtlday) then 
goto 400
else
If (i.eq.inday) then
den(i-l)=denin* 1.0E-8 
sw(i-l)=swin
Endif
If (awaste(i).le.0.0) then 
nc=nc+I
else
nc=0
endif
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c convert soil water from cm to % saturation 
c compute decay rate, density on land on dry days
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
sws=sw(i)* 100/sat 
fsw=-2.9*(sws**(-0.2)) 
ftmp= 1.1447**(stmp(i) - 20.0) 
rdie=baseb*max(ftmp,fph,fsw) 
addw=awaste(i) *ecden* 1.0E-8 
dav(i)=den(i-1) *exp(-rdie* time)+addw
c Rainfall consideration begins
lf(pcp(i).eq.0.00) then 
den(i)=dav(i)
Goto 400
Else
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c Average water & sediment concentration
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
dcns(i,0)=dav(i) 
cumJoss=0.0 
ca!5= l+aipha*dcoef 
D oj= l,n
cnav(ij)=dens(ij-iybd
cw(ij)=alpha*cnav(ij)/cal5
lf(pcp(0.ge.j*delp) then
cumloss=cumloss+cw(ij)*delp
else
ciunloss=ciunloss+cw(ij)*(pcp(i)-delp*(j-l))
endif
dens(ij')=dens(i,0)-cumloss 
If (dens(ij).le.0.0) then
cumloss=dens(i,0) 
goto 600
endif
If(pcp(i).le.j*delp) then 
Goto 600
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endif
enddo
600 Continue
wconc(i)=cumloss/pcp(i)
sconc(i)s dcoef*wconc(i)
If (perc(i).gLO.OO) then
dper(i)=wconc(i)*pcrc(i)
cal=uIimt*wconc(i)*pcp(i)
If (dper(i).gt.cal) then 
dper(i)=cal
endif
else
dper(i)=0.0
endif
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c compute losses in water and on sediment
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c CASE I: Rain does not produce runoff
If (runofT(i).eq.O.OO) Then 
dsed(i)=0.0 
drun(i)=0.0 
rsc(i)=0.0
c CASE II: Rain produces runoff
else
c Compute density loss in water and sediment
dsed(i)=sconc(i)*soil(i)
drun(i)=wconc(i)*runofr(i)
rsc(i>=dsed(i)/runofl{i)+wconc(i)
Endif
c Loss in rain cannot be more than what's in the field.
cal2=dav(i)-drun(i)-dsed(i)
caJ3=cal2-dper(i)
If (ca!2. le.0.0) Then
dsed(i)=dav(i)-drun(i) 
dper(i)=0.0 
else if (caI3 .le.0.0) Then 
dper(i)=cal2
endif
c Compute total loss for tainday & density at the end of the day
rainloss=drun(i)+dper(i>+dsed(i) 
den(0 =dav(i)-rainloss
c Express the losses in proportion
If (rainloss.gt.0.0) then
pdrun(i)=drun(i)/ramloss
pdsed(i)=dsed(i)/rainloss
pdper(i)=dper(i)/rainloss
Endif
Endif
endif
400 continue
Enddo
c output
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ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
Write(66,*)'Distr CoelT.dcoef
c Output o f daily density on land
Writc(66,*)'Day Density.cells/ha1 
Write(66,1000) (i,den(i)* 1.0E+8,i=inday,Iday)
1000 Format(i3, lX,el5.7)
c Output o f losses on rain days
Write (66,♦)'Day Percoloss runoflloss sedloss (/ha)' 
if  (pcp(i).GT.O.OO) then
Write (66,1100)(i,dper(i)*1.0E+8,dnin(0*1.0E+8,dsed(i)*l.OE+8.
I i=inday,lday)
1100 Fonnat (i3,x,3el l.S)
Endif
c Output o f proportion of losses on rain days
Write(66,*) 'Day proro prodsed prodper1 
Do i=inday,lday 
If(pcp(i).gt0.00) Then 
Write(66,1200)i,pdrun(i),pdsed(i),pdper(i)
1200 Fonnat (i3,lx,3f8.6)
Endif
enddo
c Output o f concentration of losses in water and sediment 
Write(66,*) 'Day wconc/lOOmL sconcyg1 
Do i=inday,lday 
If  (runof!(i).gt.0.00) Then 
Write(66,1300) i,wconc(i)* 100,sconc(i)
1300 Fonnat (i3, lx,2el4.6) 
endif 
enddo
c Output o f overall concentration of losses in water with sediment 
Write(66,*) 'Day ro & sed/lOOmL '
Do i=inday,!day 
If (runoff(i).gt.0.00) Then 
Write(66,1400)i,rsc(0* 100 
1400 Format (i3,lx,el4.6) 
endif 
enddo
c Output o f hydrology & erosion
Write(67,*)Test: pep runoff sw soil pcrc' 
write(67,200 l)(i,pcp(i),ninofT(i),sw(i),soii(i)* 1.0E+5,
1 perc(i), i=inday,Iday)
2001 Fonnat(iS,3I6.2,16.2/6.2)
End
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c To read data from input file and echo it to output file 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
Subroutine readall 
PARAMETER (m=366,n=40)
IMPLICIT real*8 (a-h, o-z)
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cominon/hydero/ pqj(m)1runofl'(m),soil(m),Unp(m),sw(m),perc(m),
1 sunp(in)
common/dencon/den(m),dav(m),avc(m),wconc(m),sconc(m),
1 drun(m),dper(in),dsed(in),pdnin(m),pdsed(in),pdper(in),
2 rsc(m),nsimu(m),awaste(m),dens(m,n),cnav(m,n),cwOn,n),
3 rainloss.cumloss.nc 
conunon/ecoli/rdie,addjday,dcoef,delp,time,ndayr 
common/ecdata/baseb,ecden,dcoeff,mdco 
conunon/soildata/pH,bd,clay,sat 
common/input/alpha,nday,inday>inyr,denin,swin
Namelist/ecdata/baseb.ecden,dcoe£f.n)dco
Namelist/soiIdata/pH,bd,day,sat
Namelist/input/alpha,nday,inday,inyr,denin,swin
Read(65,ecdata)
Read(6S,soildata)
Read(65, input)
lday=inday+nday-l 
If(mod(inyr,4).eq.O) Then 
ndayr=366
else
ndayr=365
endif
Read(6S,<*)(nsimu(i),sUnp(i),awaste(0,is:inday,lday)
Write(67,ecdata)
Write(67,soildata)
Write(67,input)
Write(67,200)(i>stmp(i),awaste(i),i=:inday,!day)
200 Format(i3,lx,2!8.2)
Return
end
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APPENDIX B 
ECOLI MODEL USER MANUAL VERSION 1.0 
B.1 Introduction
The ECOLI model is created for evaluating the impact of applied waste on 
water quality. Each application can be run separately. The ECOLI model is capable 
of simulating the concentration of E. coli in runoff water, the concentration of E. 
coli on sediment, the concentration of E. coli in runoff with sediment, and daily 
density of E  coli on land for a period of less than or equal to a year (January 1 to 
December 31). This manual presents the procedures to compile and run ECOLI 
from a personal computer, to prepare the ECOLI input file, sample hydrology and 
erosion output files for input into ECOLI model, and the ECOLI input file.
B.2 Compile and Run
The ECOLI model is compiled and run in a personal computer using 
Microsoft PowerStation 4.0. The source code is named ‘ecoli.for’, a copy of which 
is included in Appendix A. Parameters used in the ECOLI model and their sources 
are given in tables B. 1 and B.2 respectively of Appendix B. Two input data files are 
required to run ECOLI. They are the input file named ‘ecoli.in’ as that in Table B.3 
and the hydrology and erosion input file from a hydrology model and erosion model 
output which is named ‘pcpero.out’ such as that in Table B.4. The hydrology and 
erosion model had to be run prior to running the ECOLI model. The hydrology and 
erosion input parameter sources and sample input files are given in Appendix C.
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Table B .l. Parameters used in ECOLI model
Parameter Definition
baseb Base decay coefficient of E. coli at 20°C, saturated moisture
content and pH of 6-7 (per day) e.g. 0.13 
awaste (i) Waste addition rate (kg of waste per hectare per day)
e.g. 510.0
dcoeff User input of distribution coefficient of E  coli in water-soil
system (mL/g) e.g. 0.3 
ecden E. coli concentration in the waste (cell/kg of waste)
mdco Code for the choice of using user input of distribution
coefficient or model generated distribution coefficient, a (0’ if 
the model generates the distribution and a ‘ I ’ if user input 
distribution coefficient is used. 
pH pH of the soil e.g. 6.7
bd Bulk density of the surface layer soil (g/cm3) e.g. 1.59
clay The fraction of clay in the soil (g/g) e.g. 0.14
sat The saturated water content (cm) e.g. 0.45
alpha Release coefficient of E. coli, a parameter determined by
model calibration (g/cm3) 
nday number of days of simulation e.g. 33
inday Julian day of the beginning of the simulation e.g. 157
inyr The year that simulation is to be run e.g. 1996
denin The initial E. coli density on land (cells/ha)
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Table B.l (Continued)
swin The initial soil water content of surface layer (cm)
ulimt Upper limit of proportion of K  coli lost in percolated water,
range from 0.0 to 1.0. A value of 0.0 means all percolated 
£. coli are lost from the surface layer and a value of 1.0 
means that all E. coli are retained in the surface layer of the 
soil.
stmp(i) Soil surface temperature for each simulation days (°C)
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Table B.2 Sources of the parameter values for validation o f ECOLI model.
Parameter Definition Source
baseb Base decay coefficient (d'1) Unpublished laboratory data of 
Scott and Drapcho.
ecden E. coli concentration in waste 
(cells/kg)
Unpublished data of Drapcho 
and Jackson.
dcoeff Distribution coefficient (mL/g) Determined locally in the 
laboratory
pH pH of the soil Determined by Soil Testing 
Laboratory, Agronomy 
Department (2000)
bd Bulk density of soil (g/cm3) USDA-NRCS (1997)
clay Clay fraction (g/g) Determined locally in the 
laboratory
sat Saturated water content, cm/cm Determined locally in the 
laboratory
swin Initial soil water content, cm/cm Output of GLEAMS-SWT 
model
ulimt Upper limit of proportion of 
E. coli in water that leached 
through surface 1 cm in percolated 
water
Weaver et al. (1978)
stmp(i) Soil surface temperature, °C AgriClimatic Information 
System, Louisiana State 
University
I l l
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B.3 Input Data Files
B.3.1 ‘ecoli.in’ Data File
The ‘ecoli.in’ file is an input file for ECOLI model. A sample ‘ecoli.in’ file 
is given in Table B.3. Parameters in the input files are grouped into £  coli data 
(baseb, ecden, dcoeff, mdco), soil data (pH, bd, clay, sat) and other input variables 
(alpha, nday, inday, inyr, denin, swin, ulimt). Below that are Julian day that 
simulation is required and the corresponding soil surface temperature and the 
amount of waste applied. Each waste application can be run separately, especially 
when the initial £  coli density is different.
B.3.2 Hydrology and Erosion Input File
The other file required for the running of ECOLI model is the hydrology and 
erosion input file called ‘pcpero.out’. ‘pcpero.out’ is an output file of a hydrology 
and erosion model. Users has the flexibility o f selecting their own hydrology and 
erosion model to generate the output needed for input into the ECOLI model. This 
pass file must be named pcpero.out and located in a folder called ‘hydero’ in C drive 
i.e. the path is ‘C:\hydero\pcpero.out’. The variables to be read by ECOLI model are 
in the order of Julian day, precipitation, runoff, enriched sediment, soil water 
content, and percolation. Table B.4 is a sample ‘pcpero.out’ file from hydrology and 
erosion model output of GLEAMS-SWT.
B.3.3 Output Files of ECOLI Model
The output files of ECOLI model are ‘ecoli.out’ and ‘ececho.out’ files. A 
sample o f ‘ecoli.out’ file is shown in Table B. S. The ‘ecoli.out’ file gives the 
distribution coefficient used in the model, daily £  coli density on land (cells/ha),
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percolation, runoff and sediment losses of E. coli (cells/ha), the concentration o f £  
coli in water and on sediment, and the concentration of E. coli in runoff with 
sediment. The ‘ececho.out’ file just echoes the input parameters and variables for 
checking purposes. A sample of the ‘ececho.out’ file is shown in Table B.6.
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Table B.3 Sample ‘ecoli.in’ input file of ECOLI model
&ecdata
baseb=0.134
ecden=7.2E+8
dcoeflN).33
mdco=l
/
&soildata
pH=6.3
bd=1.59
clay=l4.0
sat=0.4l
/
&input
alpha=0.20
nday=16
inday=l57
inyr=l997
denin=0.0
swin=0.36
/
157 25.43 509.0
158 25.31 0.0
159 25.04 0.0
160 25.31 0.0
161 25.45 0.0
162 25.87 0.0
163 27.58 0.0
164 27.99 0.0
165 28.41 0.0
166 28.77 0.0
167 28.42 0.0
168 25.67 0.0
169 25.16 0.0
170 25.39 0.0
171 26.92 0.0
172 27.97 0.0
173 28.68 0.0
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Table B.4 Sample ‘pcpero.out’ input file from the output of hydrology and erosion 
models
157 .0000 .0000 .OOOOE+OO .0800 .0000
158 2.5900 .2315 .4050E-04 .4098 2.0285
159 1.1100 .2845 .1551E-04 .4098 .8253
160 2.0800 .9669 .5976E-04 .4100 1.1129
161 .0000 .0000 .0000E+00 .4100 .0000
162 .0800 .0000 .0000E+00 .4100 .0800
163 1.0700 .2620 .1468E-04 .4099 .4780
164 .0000 .0000 .OOOOE+OO .0800 .0000
165 .0000 .0000 .0000E+00 .0800 .0000
166 1.9100 .0440 .8934E-05 .4099 1.5360
167 .0000 .0000 .0000E+00 .0800 .0000
168 1.4200 .0335 .5503E-05 .4099 1.0565
169 6.3800 4.8794 .3793E-03 .4100 1.1706
170 .2300 .0000 .0000E+00 .4098 .2300
171 .8400 .1433 .6413E-05 .4098 .6965
172 .0000 .0000 .0000E+00 .4098 .0000
173 1.1100 .2846 .1551E-04 .4099 .4954
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Table B.5 Sample ‘ecoli.out’ file, an output file of ECOLI model
DistrCoeff 3.300000000000000E-001
Day Density,cells/ha
157 .3664800E+12
158 .2515937E+12
159 .1831885E+12
160 .U60479E+12
161 .8771747E+11
162 .6506823E+11
163 .4196586E+11
164 .2828559E+11
165 .1863066E+U
166 . 1126015E+11
167 .7412457E+10
168 .5300968E+10
169 .1936493E+10
170 .1456703E+10
171 .9912065E+09
172 .6687990E+09
173 .4130627E+09
Day Percoloss runoffloss sedloss(/ha)
157 .00000E+00 .QQQQ0E+00 .00000E+00
158 .20000E+11 .68755E+10 .39694E+06
159 .64978E+10.33772E+10 .11524E+06
160 .83028E+10.14845E+11 .30277E+06
161 .00000E+00 .OOOOOE+OO .00000E+00
162 .16009E+09 .OOOOOE+OO .00000E+00
163 .14593E+10.13743E+10 .25411E+05
164 .00000E+00 .OOOOOE+OO .00000E+00
165 .00000E+00.00000E+00 .00000E+00
166 .66467E+09.93691E+08 .39460E+04
167 .00000E+00 .OOOOOE+OO .00000E+00
168 .23359E+09.21195E+08 .11490E+04
169 .40897E+09.17047E+10 .43730E+05
170 .10352E+08 .OOOOOE+OO .OOOOOE+OO
171 .26683E+08 .17508E+08 .25856E+03
172 .OOOOOE+OO .OOOOOE+OO .OOOOOE+OO
173 .14598E+08 .60697E+07 .25889E+03 
Dayproro prodsed prodper
158 .255826.000015 .744160
159 .341993 .000012 .657995
160 .641300.000013 .358687 
162 .000000.000000 1.000000 
163 .485001.000009 .514990 
166 .123543 .000005 .876451
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Table B.5 (Continued)
168 .083188.000005 .916807
169 .806496.000021 .193484
170 .000000 .000000 1.000000
171 .396182.000006 .603812 
173 .293682.000013 .706305 
Day wconc/lOOmL sconc./g
158 .296996E+05 .980087E+02
159 .225148E+05 .742988E+02
160 .153528E+05 .506641E+02 
163 .524545E+04 .173100E+02 
166 .133844E+04 .441684E+01
168 .632689E+03 .208787E+0I
169 .349365E+03 .115290E+01 
171 .122175E+03 .403178E+00 
173 .505810E+02 .166917E+00 
Day ro&sed/lOOmL
158 .297013E+05
159 .225156E+05
160 .153531E+05 
163 .524555E+04 
166 .133849E+04
168 .632724E+03
169 .349374E+03 
171 .122177E+03 
173 .505831E+02
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Table B.6 Sample ‘ececho.out’ file 
&ECDATA
BASEB = 1.340000000000000E-001 
ECDEN = 7.200000000000000E+008 
DCOEFF = 3.3 OOOOOOOOOOOOOOE-OO1 
MDCO = 1
/
&SOILDATA
PH = 6.300000000000000
B D « 1.590000000000000
CLAY = 14.000000000000000 
SAT = 4. lOOOOOOOOOOOOOOE-OO 1 
/
&INPUT
ALPHA = 2.000000000000000E-001 
NDAY= 16
INDAY = 157
INYR= 1997
DENIN = O.OOOOOOOOOOOOOOOE+OOO 
SWIN = 3.600000000000000E-001 
/
157 25.43 509.00
158 25.31 .00
159 25.04 .00
160 25.31 .00
161 25.45 .00
162 25.87 .00
163 27.58 .00
164 27.99 .00
165 28.41 .00
166 28.77 .00
167 28.42 .00
168 25.67 .00
169 25.16 .00
170 25.39 .00
171 26.92 .00
172 27.97 .00
173 28.68 .00
Test: pep runoff sw
157 .00 .00 .08 .00 .00
158 2.59 .23 .41 4.05 2.03
159 1.11 .28 .41 1.55 .83
160 2.08 .97 .41 5.98 1.11
161 .00 .00 .41 .00 .00
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Table B.6 (Continued)
162 .08 .00 .41 .00 .08
163 1.07 .26 .41 1.47 .48
164 .00 .00 .08 .00 .00
165 .00 .00 .08 .00 .00
166 1.91 .04 .41 .89 1.54
167 .00 .00 .08 .00 .00
168 1.42 .03 .41 .55 1.06
169 6.38 4.88 .41 37.93 1.17
170 .23 .00 .41 .00 .23
171 .84 .14 .41 .64 .70
172 .00 .00 .41 .00 .00
173 1.11 .28 .41 1.55 .50
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APPENDIX C 
GLEAMS-SWT PARAMETER SOURCES
Sources of the hydrology and erosion parameters to calibrate GLEAMS-
SWT model for validation of ECOLI model are given in Table C.l. Table C.3
shows a sample GLEAMS-SWT model precipitation data input file. Table C.4
shows a sample GLEAMS-SWT model hydrology parameter input file, and Table
C.S shows a sample GLEAMS-SWT model erosion input file.
Table C. 1 Sources of the parameter values for calibration o f the hydrology and 
erosion models of GLEAMS-SWT
Parameter Definition Source
BR(15)
BST
CFACT
CHS
CLAYRDQ
CN2
CONA
DAREA
Wilting point of each soil 
horizon (cm/cm)
Fraction of plant available 
water when simulation 
begins (cm/cm)
Soil loss ratio
Hydraulic slope of the field 
(m/m)
Percent of soil mass in 
horizon I with particle size 
equal to or less than 0.002 
mm
SCS curve number for 
condition II
Determined by using data in 
percent reported in USDA- 
NRCS (1997)
Assumed
Wischmeier and Smith (1978)
Unpublished data reported by 
Drapcho and Jackson
Determined in the laboratory
GLEAMS manual (Knisel, 
1993)
Soil evaporation parameter USDA-NRCS (1997)
Total drainage area of the 
field (ha)
Determined locally by using 
planimeter from topological 
map
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Table C.l 
DDEPTH
DEPS
DESIRDO
DESSLRDO
DILAYER
DVTNT
DVSL1
DVSL2
ELAT
FCO
FLUXINT
(Continued) 
Drain depth (cm)
Depression storage (cm)
Moisture characteristic curve 
intercept for each soil 
horizon (cm/cm)
Moisture characteristic curve 
slope for each soil horizon 
(cm/cm2)
Depth of impermeable layer 
(cm)
Intercept of the drainable 
volume versus water table 
depth relationship (cm)
First order slope of the 
drainable volume versus 
water table depth 
relationship (cm)
Second order slope of the 
drainable volume versus 
water table depth 
relationship (cm)
Latitude of the site
Field capacity of each soil 
horizon (cm/cm)
Intercept of the ET upward 
flux water table depth 
relationship
Assumed, since this plot is not 
subsurface drained
Skaggs(1980)
For top horizon, determined 
locally in the laboratory 
(Table C.2). Other horizons 
assumed to be the same as the 
top horizon.
For top horizon, determined 
in the laboratory (Table C.2). 
Other horizons assumed to be 
the same as the top horizon.
USDA-NRCS (1997)
Reyes(1993)
Reyes(1993)
Reyes(1993)
Louisiana AgriClimatic 
Information System-Station 
Information
USDA-NRCS (1997)
Reyes(1993)
121
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table C.1 
FLUSLO
GR
KSOIL
NOSOHZ
NOSOHZB
NFACT
OM
PFACT
PORO
RADO
RD
ROOTGR
SILTRDQ
(Continued)
Slope of the ET upward flux 
water table depth 
relationship
Winter cover crop factor to 
reflect evaporation
Soil erodibility factor (ton 
per English EI30)
Number of soil horizons in 
the rootzone
Number of soil horizon 
below the rootzone
Manning’s, n, for overland 
flow profile
Organic matter content of 
soil horizon (%)
Contouring factor for 
overland flow profile
Porosity for each soil horizon 
(cm3/cm3)
Mean monthly solar 
radiation for each month 
(Langley/day)
Effective rooting depth (cm)
Root depth (cm)
Percent of soil mass in 
horizon I with particle size 
greater than 0.002 mm and 
less than 0.05 mm
Reyes (1993)
GLEAMS manual (Knisel, 
1993)
USDA-NRCS (1997)
USDA-NRCS (1997)
USDA-NRCS (1997)
GLEAMS manual (Knisel, 
1993)
Determined by Soil Testing 
Laboratory, Agronomy 
Department, Louisiana State 
University (2000)
Wischmeier and Smith (1978)
Determined by using data 
reported in USDA-NRCS 
(1997)
Field local data given by Dr. 
R. L. Bengtson
Knisel (1993) and field data
Knisel (1993) and field data
Determined locally in the 
laboratory
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Table C.l 
SLOV
SSCLY
SSORG
TEMPNO
TEMPXO
WLW
WT1
XOV
(Continued)
Slope o f the overland flow 
profile (m/m)
Specific surface area for clay 
particles (montmorillonite)
Specific surface area for 
organic matter
Mean monthly minimum 
temperature for each month 
of the year (°C)
Mean monthly maximum 
temperature for each month 
of the year (°C)
Ratio of field length to field 
width
Initial water table depth at 
the beginning of the 
simulation (cm)
Distance from upper end of 
overland flow profile to the 
point where slope is given
Unpublished data reported by 
Jackson and Drapcho (1997)
GLEAMS manual (Knisel, 
1993)
GLEAMS manual (Knisel, 
1993)
Louisiana AgriClimatic 
Information System
Louisiana AgriClimatic 
Information System
Determined from field map 
using equation given in 
GLEAMS (Knisel, 1993)
Assumed
Drapcho and Jackson 
(Unpublished)
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Table C.2 Soil water desorption characteristics for Tangi Silt Loam for top horizon 
(0-l7cm)
Head
(cm)
Volumetric Moisture Content 
(cm3/cm3)
0.0 0.51
11.4 0.46
32.2 0.43
47.1 0.42
62.7 0.41
91.4 0.40
100.0 0.39
310.0 0.36
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Table C.3 Sample GLEAMS-SWT model precipitation input data file
1 0.00 0.00 0.00 0.00 0.00 0.00 2.26 1.14 2.24 0.00
2 0.00 0.00 0.53 0.00 0.00 2.13 0.00 0.00 0.00 0.00
3 0.00 0.10 3.05 1.63 0.00 0.00 0.00 3.40 0.00 0.00
4 0.00 0.00 0.00 0.00 4.88 0.00 0.00 0.00 0.46 0.00
5 0.00 0.00 0.61 4.57 0.08 0.23 0.00 0.00 0.00 0.00
6 0.00 3.66 0.00 0.00 0.58 9.22 1.27 0.10 0.79 0.00
7 0.00 1.17 0.00 0.00 0.10 0.00 0.00 0.00 0.00 0.53
8 0.00 4.24 3.23 0.00 0.00 0.00 0.00 0.51 0.28 4.24
9 0.00 0.00 0.00 0.00 0.58 0.00 0.00 0.00 0.00 0.94
10 0.00 0.00 0.00 0.00 0.15 3.45 0.00 0.00 0.00 0.00
11 0.00 8.48 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
12 0.00 0.00 0.31 0.00 0.00 5.59 0.46 3.15 0.00 0.00
13 0.00 0.00 0.41 0.00 0.00 0.00 0.00 0.00 0.00 0.00
14 0.00 0.15 0.00 0.00 0.00 1.32 0.00 0.00 0.51 1.12
15 0.00 1.83 0.00 0.00 4.11 4.04 0.00 0.00 0.00 0.10
16 3.66 0.61 0.00 0.00 0.00 0.69 0.00 2.59 l . l l 2.08
17 0.00 0.08 1.07 0.00 0.00 1.91 0.00 1.42 6.38 0.23
18 0.84 0.00 1.11 0.00 0.79 0.28 6.55 2.92 0.00 0.00
19 0.89 0.00 0.00 0.00 0.00 0.00 3.56 0.00 0.79 0.08
20 0.58 0.00 0.03 2.01 5.72 0.00 0.00 0.18 0.00 0.00
21 0.00 1.27 0.00 0.00 4.83 0.00 1.20 0.00 0.00 1.63
22 0.00 0.00 0.00 2.11 0.00 0.00 0.33 0.00 0.00 0.00
23 4.04 0.74 0.41 0.13 0.00 0.00 0.00 0.00 0.00 0.00
24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
25 0.00 0.13 2.80 0.43 0.15 0.00 0.00 0.00 0.00 0.00
26 0.00 0.00 0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00
27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
28 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
29 0.00 0.15 0.00 0.00 0.00 0.00 3.15 0.00 0.00 0.00
30 0.00 0.00 0.00 0.00 0.20 0.00 1.04 0.03 0.76 0.03
31 0.00 0.00 0.00 0.00 0.48 0.00 0.00 0.00 0.00 0.86
32 0.00 0.00 0.00 0.10 0.00 7.70 0.18 0.00 0.00 0.03
33 0.00 0.08 0.81 0.00 1.35 0.53 0.00 0.00 0.00 0.00
34 0.00 0.00 6.40 0.00 0.00 0.00 0.58 0.00 0.00 0.00
35 0.03 1.91 0.00 0.64 0.00 0.00 0.03 0.00 0.00 0.00
36 0.00 0.00 0.00 0.00 1.57 0.05 2.18 1.93 0.00 0.00
37 2.46 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table C.4 Sample GLEAMS-SWT model hydrology parameter input file
Southeast Rsearch Station 1997 
No subsurface drainage
Bermuda grass, Tangi soil, 3-8% slope. 14% clay, 55% silt
1997000 1 0 0 0 0 1 0
98.50 0.100 0.99 4.5 82 0.02 3.33 17.8
0 1 17.8
0.41
0.36
0.08
0.84
0.53090 0.52747 0.50211 0.54693 0.54693
0.02920 0.04467 0.02708 0.03656 0.03656
0.00000 0.01562 0.00014 3.24570 2.32000 91.0 30.8 1.00
3 61.0 94.0 182.9
4.000 0.100
0.00 0.00
0.38 0.39 0.36
100.00 182.90 0.51 99999.00 1.91
14.0
55.2
17.4 18.1 19.9 24.7 31.1 32.3 34.4 32.9 30.8 25.7
21.7
1.9
18.6
3.7 5.4 10.4 17.4 19.2 20.7 20.8 17.8 12.6
8.2
203.5
5.4
259.1 360.0 457.9 484.5 477.0 472.7 437.4 389.7 327.2
236.6
1997
10
10
179.8
1998
1001
1041
1
1365
1365
1040 074
074
365
365
1.0
1 17.8
366 17.8
• 1 0  0
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Table C.S Sample GLEAMS-SWT model erosion parameter input file 
Southeast Research Station Simulated Erosion 1997
1997 1997
800.0 1.000
I 98.500
1448.4 0.020
I 1.0
I
001
1 1.0
0.004
1.0
0.07
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A PPEN D IX  D 
OBSERVED E. COLI AND FECAL COLIFORMS DATA
Table D.l Fecal colifortns concentrations - manure application 6/5/96*
Plot Sample Fecal Coliforms Concentration 
(cfu/lOOmL)
6/5/96 6/6/96 6/10/96 6/12/96 6/24/96
1 1 1000 122000 55000 30000 2000
2 66000 132000 59000 23000 4500
3 83000 19000 17000
4 14000 32000
Mean 41000 76250 57000 23333 3250
4 1 31000 6300 8800
2 147000 23000 6800
Mean 147000 27000 6550 8800
6 1 20000 30000 18000 1400
2 31500 32000 35000 21000 6600
3 63000 10000
4 1000
Mean 28875 32000 32500 16333 4000
9 1 11000 8100 500
2 27000 18000 6300
3 4100
Mean 27000 14500 6167 500
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Table D.2 Fecal coliforms concentrations - manure application 6/26/96 and 7/18/96*
Plot Sample Fecal Coliforms concentration 
(cfu/lOOmL)
6/27/96 6/29/96 7/13/96 7/20/96 8/13/96
1 1 500000 85000 7000 2000000 1300
2 400000 96000 14000 1840000 21000
3 500000 63000 1680000
4 33000
Mean 466667 69250 10500 1840000 11150
4 1 620000 12000 1860000 66000
2 410000 12000 1340000 10000
3 590000 1600000
Mean 540000 12000 1600000 38000
6 1 700000 500000 10000 530000 28000
2 330000 190000 43200 620000 30000
3 450000 169000 700000
4 58000
Mean 493333 229250 26600 616667 29000
9 1 570000 11000 980000 89000
2 445000 6000 640000 49000
3 146000 310000
4 77000
Mean 309500 8500 643333 69000
Table D.3 Fecal coliforms concentrations - manure application 8/16/96*
Plot Sample Fecal Coliforms Concentration
(cfu/lOOmL)
8/17/96 8/18/96 9/13/96
1 1 2700000 50000
2 1720000 1840000 70000
3 1840000 630000
Mean 2086667 1235000 60000
4 1 2210000 480000
2 1980000 640000
Mean 2095000 560000
6 1 2010000 670000
2 1250000 2130000 240000
3 1980000 2280000
Mean 1746667 2205000 455000
9 1 1790000 630000
2 400000 110000
3 770000
Mean 986667 370000
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Table D.4 Fecal coliforms concentrations - manure application 6/6/97*
Plot Sample Fecal Coliforms Concentration
(cfu/lOOmL)
6/8/97 6/15/97 6/22/97 7/13/97
1 1 86000 13000 1000 2100
2 96000 21000 1000 500
3 153000 2300
Mean 111667 17000 1433 1300
4 1 210000 17000 4100 2000
2 410000 12000 4000 3000
3 2000
Mean 310000 14500 3367 2500
6 1 100 500
2 2000 200 500
3 1000 200
Mean 1500 167 500
9 1 175000 8000
2 95000 5000 11400 2300
3 78000 3000 12200
Mean 116000 4000 11800 5150
Table D.S Fecal coliforms concentrations - manure application 7/2S/97*
Plot Sample Fecal Coliforms Concentration 
(cfu/lOOmL)
7/26/97 8/2/97 8/31/97
I 1 60000 730000 8000
2 570000 670000 200
3 260000 280000
Mean 296667 560000 4100
4 1 220000 330000 1500
2 370000 220000 1500
3 190000
Mean 260000 275000 1500
6 1 590000 210000 200
2 270000 160000 6000
3 240000 230000
Mean 366667 200000 3100
9 1 350000 310000 100
2 120000 140000 3000
3 350000 3000
Mean 273333 151000 1550
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Table D.6 E. coli concentrations - manure application 6/5/96, 6/26/96, 7/18/96*
Plot Sample E. coli Concentration (cfu/lOOmL)
6/6/96 6/10/96 6/29/96 8/13/96
I I 87840 26400 74800
2 129360 29500
3 56070
4 30400
Mean 82533 27950 65435
4 1
2 136710 86100 0
194700
Mean 136710 140400 0
6 I 23100
2 0
3
4 48430
Mean 11550 48430
9 1 239400 1780
2
3
4 75460
Mean 157430 1780
Table D.7 E. coli concentrations- manure application 8/16/96*
Plot Sample E. coli Concentration 
(cfu/lOOmL)
8/17/96 8/18/96 9/13/96
1 1 2511000 0
2 0
Mean 2511000 0
4 I
2 1722600
3
Mean 1722600
6 I
2 1640100
3
Mean 1640100
9 1 1503600
2 372000
3 231000
Mean 702200
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Table D.8 E. coli concentrations - manure application 6/6/97 and 7/25/97*
Plot Sample E. coli Concentration 
(cfu/lOOmL)
6/15/97 6/22/97 7/13/97 7/26/97 8/2/97 8/31/97
I 1 7280 80 0 51000 18250 0
2 12600 0 0 444600 107200 0
3 943 254800 14000
Mean 9940 341 0 250133 46483
4 1 13260 0 123200 0 0
2 9360 200 251600 11000 0
3 100 174800
Mean 11310 100 183200 5500
6 1 0 10 324500 31500
2 440 0 0 270000 8000
3 220 0 240000 29900
Mean 330 5 278167 23133
9 1 192500 0 0
2 1900 836 80400 1400 0
3 990 895 126000 45 225
Mean 1445 866 132967 482 75
*Drapcho and Jackson (Unpublished)
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APPENDIX E 
HYDROLOGIC AND EROSION VARIABLES
Table E.l Hydrologic and erosion variables during the experimental period of 1996
Date Rain Runoff Perc. Soil water Enriched
sediment
__________ (cm)______ (cm)______ (cm)______ (cm) (kg/ha)
6/5/96 1.59 0.61 0.98 0.41 2.67
6/6/96 1.59 0.61 0.98 0.41 2.67
6/8/96 1.50 0.54 0.96 0.41 2.44
6/10/96 1.59 0.61 0.98 0.41 2.67
6/12/96 1.59 0.61 0.98 0.41 2.67
6/13/96 2.51 1.33 1.18 0.41 0.00
6/14/96 0.05 0.00 0.05 0.41 0.00
6/15/96 1.47 0.52 0.95 0.41 2.37
6/17/96 0.03 0.00 0.03 0.41 0.00
6/18/96 1.45 0.51 0.61 0.41 2.32
6/21/96 0.05 0.00 0.00 0.13 0.00
6/24/96 2.65 0.04 2.33 0.36 1.43
6/25/96 0.10 0.00 0.00 0.18 0.00
6/27/96 2.39 0.29 1.77 0.41 3.13
6/29/96 2.39 0.33 1.73 0.41 4.94
6/29/96 4.14 2.78 1.36 0.41 19.10
7/7/96 0.03 0.00 0.00 0.11 0.00
7/9/% 0.20 0.00 0.00 0.28 0.00
7/10/96 0.51 0.00 0.23 0.36 0.00
7/13/96 3.18 0.18 2.67 0.41 3.04
7/14/96 0.03 0.00 0.00 0.11 0.00
7/15/96 5.05 1.91 2.81 0.41 20.10
7/16/96 0.13 0.00 0.13 0.41 0.00
7/20/96 2.39 0.22 1.84 0.41 3.30
7/24/96 0.23 0.00 0.00 0.31 0.00
7/25/96 0.25 0.00 0.00 0.33 0.00
7/26/96 1.12 0.00 0.84 0.36 0.00
7/27/96 0.36 0.00 0.08 0.36 0.00
7/29/96 0.33 0.00 0.05 0.36 0.00
8/1/% 1.07 0.00 0.79 0.36 0.00
8/2/% 0.20 0.00 0.00 0.28 0.00
8/8/% 0.08 0.00 0.00 0.16 0.00
8/10/96 3.78 0.17 3.28 0.41 6.13
8/12/96 0.74 0.00 0.46 0.36 0.00
8/13/% 1.59 0.16 1.10 0.41 2.67
8/13/% 1.09 0.28 0.81 0.41 1.51
8/17/96 1.59 0.14 1.12 0.41 2.67
8/18/% 1.59 0.14 1.36 0.41 2.67
8/20/% 0.05 0.00 0.00 0.13 0.00
8/21/% 2.46 0.53 1.60 0.41 5.16
8/26/% 0.08 0.00 0.00 0.16 0.00
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Table E.l (Continued)
8/27/96 0.66 0.00
8/29/96 6.20 1.82
8/30/96 0.66 0.14
8/31/% 0.30 0.00
9/3/% 0.13 0.00
9/6/96 0.13 0.00
9/7196 1.47 0.00
9/8/% 0.13 0.00
9/10/% 0.30 0.00
9/13/96 2.39 0.12
0.38 0.36 0.00
4.21 0.41 25.30
0.59 0.41 0.45
0.30 0.41 0.00
0.13 0.41 0.00
0.00 0.21 0.00
1.14 0.41 0.00
0.00 0.21 0.00
0.02 0.36 0.00
1.94 0.41 1.63
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Table E.2 Hydrologic and erosion variables during the experimental period o f 1997
Date Rain Runoff Perc Soil water Enriched
Sediment
__________ (cm)______ (cm)______ (cm)______ (cm) (kg/ha)
6/6/97 0.00 0.00 0.00 0.08 0.00
6/7/97 2.59 0.23 2.03 0.41 4.05
6/8/97 1.11 0.15 0.96 0.41 1.55
6/9/97 2.08 0.97 1.11 0.41 5.98
6/10/97 0.00 0.00 0.00 0.41 0.00
6/11/97 0.08 0.00 0.08 0.41 0.00
6/12/97 1.07 0.26 0.48 0.41 1.47
6/13/97 0.00 0.00 0.00 0.08 0.00
6/14/97 0.00 0.00 0.00 0.08 0.00
6/15/97 1.91 0.07 1.51 0.41 0.89
6/16/97 0.00 0.00 0.00 0.08 0.00
6/17/97 1.42 0.03 1.06 0.41 0.55
6/18/97 6.38 4.88 1.17 0.41 37.93
6/19/97 0.23 0.00 0.23 0.41 0.00
6/20/97 0.84 0.14 0.70 0.41 0.64
6/21/97 0.00 0.00 0.00 0.41 0.00
6/22/97 1.11 0.12 0.66 0.41 1.55
6/23/97 0.00 0.00 0.00 0.08 0.00
6/24/97 0.79 0.00 0.51 0.36 0.00
6/25/97 0.28 0.00 0.00 0.36 0.00
6/26/97 6.55 3.44 2.78 0.41 32.91
6/27/97 2.92 2.01 1.25 0.41 11.79
6/28/97 0.00 0.00 0.00 0.41 0.00
6/29/97 0.00 0.00 0.00 0.41 0.00
6/30/97 0.89 0.17 0.72 0.41 0.71
7/1/97 0.00 0.00 0.00 0.41 0.00
7/2/97 0.00 0.00 0.00 0.08 0.00
7/3/97 0.00 0.00 0.00 0.08 0.00
7/4/97 0.00 0.00 0.00 0.08 0.00
7/5/97 0.00 0.00 0.00 0.08 0.00
7/6/97 3.56 0.20 3.03 0.41 5.67
7/7/97 0.00 0.00 0.00 0.09 0.00
7/8/97 0.79 0.00 0.51 0.36 0.00
7/9/97 0.08 0.00 0.00 0.16 0.00
7/10/97 0.58 0.00 0.30 0.36 0.00
7/11/97 0.00 0.00 0.00 0.08 0.00
7/12/97 0.03 0.00 0.00 O.il 0.00
7/13/97 2.01 0.05 1.63 0.41 0.97
7/14/97 5.72 4.24 1.15 0.41 31.93
7/15/97 0.00 0.00 0.00 0.41 0.00
7/16/97 0.00 0.00 0.00 0.08 0.00
7/17/97 0.18 0.00 0.00 0.26 0.00
7/18/97 0.00 0.00 0.00 0.08 0.00
7/19/97 0.00 0.00 0.00 0.08 0.00
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Table E.2 (Continued)
7/20/97 0.00 0.00
7/21/97 1.27 0.00
7/22/97 0.00 0.00
7/23/97 0.00 0.00
7/24/97 4.83 0.65
7/25/97 0.00 0.00
7/26/97 1.20 0.14
7/27/97 0.00 0.00
7/28/97 0.00 0.00
7/29/97 1.63 0.07
7/30/97 0.00 0.00
7/31/97 0.00 0.00
8/1/97 0.00 0.00
8/2/97 2.11 0.11
8/3/97 0.00 0.00
8/4/97 0.00 0.00
8/5/97 0.33 0.00
8/6/97 0.00 0.00
8/7/97 0.00 0.00
8/8/97 0.00 0.00
8/9/97 4.04 0.29
8/10/97 0.74 0.09
8/11/97 0.41 0.00
8/12/97 0.13 0.00
8/13/97 0.00 0.00
8/14/97 0.00 0.00
8/15/97 0.00 0.00
8/16/97 0.00 0.00
8/17/97 0.00 0.00
8/18/97 0.00 0.00
8/19/97 0.00 0.00
8/20/97 0.00 0.00
8/21/97 0.00 0.00
8/22/97 0.00 0.00
8/23/97 0.00 0.00
8/24/97 0.00 0.00
8/25/97 0.00 0.00
8/26/97 0.00 0.00
8/27/97 0.00 0.00
8/28/97 0.00 0.00
8/29/97 0.00 0.00
8/30/97 0.13 0.00
8/31/97 2.80 0.12
0.00 0.08 0.00
0.99 0.36 0.00
0.00 0.08 0.00
0.00 0.08 0.00
3.85 0.41 14.29
0.00 0.41 0.00
1.06 0.41 1.75
0.00 0.41 0.00
0.00 0.08 0.00
1.23 0.41 1.21
0.00 0.16 0.00
0.00 0.08 0.00
0.00 0.08 0.00
1.67 0.41 1.03
0.00 0.08 0.00
0.00 0.08 0.00
0.05 0.36 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
3.42 0.41 8.12
0.65 0.41 0.53
0.41 0.41 0.00
0.13 0.41 0.00
0.00 0.30 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.08 0.00
0.00 0.21 0.00
2.40 0.36 1.13
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Table E.3 Average daily soil surface temperature during the experimental period
Date 1996 1997
6/5
6/6
6/7
6/8
6/9
6/10
6/11
6/12
6/13
6/14
6/15
6/16
6/17
6/18
6/19
6/20
6/21
6/22
6/23
6/24
6/25
6/26
6/27
6/28
6/29
6/30
7/1
7/2
7/3
7/4
7/5
7/6
7/7
7/8
7/9
7/10
7/11
7/12
7/13
7/14
7/15
7/16
7/17
7/18
7/19
28.09
28.05
27.38
27.10
25.97
26.39 
27.12
27.14 
26.89 
26.08 
27.60
29.46 
29.33 
29.78
28.73 
27.82
30.25 
29.55 
29.99 
29.45 
29.41
28.73 
27.84
28.06
28.93 
28.92
29.47 
30.62 
31.87
31.68
31.31 
32.03 
32.23
30.25
31.32
31.15 
31.80 
32.35
30.94 
28.08
27.69
27.97 
28.96 
29.53 
30.21
25.43
25.31 
25.04
25.31 
25.45 
25.87 
27.58 
27.99
28.41
28.77
28.42
25.67 
25.16
25.39 
26.92 
27.97
28.68
28.43 
27.74
27.22
26.67 
26.11
27.22
26.67
27.22
27.12 
29.72 
30.06 
30.30
29.34 
28.69 
28.83
28.40
28.53
29.12 
29.60
29.54 
28.66 
28.85
29.77 
29.91 
29.11
28.34 
28.79
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Table E.3 (Continued)
7/20 30.30 28.41
7/21 31.34 29.47
7/22 31.91 29.71
7/23 31.14 28.59
7/24 30.18 29.22
7/25 27.66 30.60
7/26 27.53 30.70
7/27 28.47 30.55
7/28 27.81 30.51
7/29 28.51 30.38
7/30 29.08 30.51
7/31 27.91 30.11
8/1 27.57 28.83
8/2 27.81 28.99
8/3 28.47 29.27
8/4 29.72 29.71
8/5 29.37 29.99
8/6 30.29 29.93
8/7 29.51 29.51
8/8 30.64 27.55
8/9 28.64 26.96
8/10 28.33 28.75
8/11 27.84 28.78
8/12 27.45 29.44
8/13 27.72 30.14
8/14 28.20 30.06
8/15 28.55 30.07
8/16 28.82 30.17
8/17 29.00 29.81
8/18 28.60 30.33
8/19 29.03 30.93
8/20 28.62 30.79
8/21 27.43 30.09
8/22 27.54 29.15
8/23 27.57 28.77
8/24 28.22 28.09
8/25 27.69 28.24
8/26 28.20 29.05
8/27 28.50 29.31
8/28 26.67 29.85
8/29 26.62 29.69
8/30 26.92 29.80
8/31 26.30 28.87
9/1 26.28
9/2 27.41
9/3 27.96
9/4 27.99
9/5 27.66
9/6 27.97
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Table E.3 (Continued)
9/7 28.22
9/8 28.63
9/9 27.46
9/10 28.58
9/11 27.88
9/12 27.90
9/13 27.22
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APPENDIX F 
DECAY COEFFICIENT DATA, ADSORPTION DATA, AND 
LEACHING REGRESSION
Table F. 1 Effect of temperature on decay coefficient *
Temperature
(°C)
Decay Coefficient
«r‘)
17.6 0.106
21.8 0.149
29.3 0.454
32.2 0.698
* Scott and Drapcho (unpublished)
Table F.2 Soil properties, percent adsorption, and distribution coefficients of six 
different soils
Soil Clay
(%)
Silt
(%)
pH Organic
Matter
Adsorption
(%)
Distribution
coefficient
(mL/g)
Arenosa** 10 6 4.9 1.3 7 0.075
Tangi* 14 55 38 0.62
San
Angelo**
35 18 7.3 3.6 63 1.7
Commerc 35 28 0.5 96 25
c
Houston*
*
54 35 7.5 3.1 90 9
Beaumont
**
50 30 5.5 2.4 99.9 999
* Data locally determined in the laboratory 
** Data from Weaver et al. (1978)
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Figure F.i-Propottion of£. coli leached and clay content relationship from data of 
Weaver et al. (1978).
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APPENDIX G 
SIMULATED RUNOFF E. COLI CONCENTRATIONS
Table G Simulated K  coli concentrations in runoff
Date Concentration log(Concentration) 
________(cells/lOOmL) (cells/lOOmL)
6/5/96 4.85E+04 4.6861
6/6/96 3.03E+04 4.4813
6/8/96 1.38E+04 4.1408
6/10/96 6.95E+03 3.8419
6/12/96 3.20E+03 3.5048
6/13/96 2.05E+03 3.3113
6/15/96 9.31E+02 2.9688
6/18/96 2.03E+02 2.3079
6/24/96 1.07E+01 1.0284
6/27/96 3.21E+04 4.5064
6/29/96 1.29E+04 4.1114
6/30/96 7.28E+03 3.8619
7/13/96 1.74E+00 0.2413
7/15/96 7.00E-01 -0.1547
7/20/96 2.88E+04 4.4587
8/10/96 1.32E+00 0.1205
8/13/96 4.19E-01 -0.3782
8/14/96 2.74E-01 -0.5628
8/17/96 3.09E+04 4.4898
8/18/96 1.94E+04 4.2868
8/21/96 5.18E+03 3.7142
8/29/96 2.03E+02 2.3065
8/30/96 1.38E+02 2.1409
9/13/96 8.66E-01 -0.0624
6/7/97 2.38E+04 4.3758
6/8/97 1.81E+04 4.2574
6/9/97 1.29E+04 4.1097
6/12/97 4.62E+03 3.6649
6/15/97 1.23E+03 3.0916
6/17/97 5.94E+02 2.7736
6/18/97 3.71E+02 2.5694
6/20/97 1.54E+02 2.1882
6/22/97 6.53E+01 1.8148
6/26/97 1.17E+01 1.0667
6/27/97 6.81E+00 0.8333
6/30/97 2.10E+00 0.3229
7/6/97 1.11E-01 -0.9548
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Table G (Continued)
7/13/97 4.55E-03 -2.3418
7/14/97 2.46E-03 -2.6097
7/24/97 1.64E-05 -4.7846
7/26/97 1.49E+04 4.1726
7/29/97 2.70E+03 3.4319
8/2/97 3.58E+02 2.5535
8/9/97 1.30E+01 1.1143
8/10/97 8.59E+00 0.9340
8/31/97 2.52E-04 -3.5991
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APPENDIX H 
FILES CONTAINED ON THE DISK
Table H Files on the disk
Model File Definition
1. ECOLI ecoli.for Source code of ECOLI
ecoli.exe Machine executable code for ECOLI
ecoli.in ECOLI input file
ecoli.out ECOLI output file
ececho.out ECOLI output file
2. GLEAMS-SWT swt.exe Machine executable code for GLEAMS-SWT
swt.f Source code of GLEAMS-SWT
pcp97.dat Rainfall data
hyd97.par Hydrology parameter file
ero97.par Erosion parameter file
pcpero.out Hydrology and erosion output for ECOLI input
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